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PREFACE 

This manual bas been adapted particularly to the present equip- 
ment and requirements of a course in experimental physics in Har- 
vard College known as Physics C. This course is accompanied 
by a series of illustrated lectures to the class as a whole, two each 
week, and one hour each week of recitation and problem work to 
the class in small sections. A knowledge of algebra and plane 
geometry, and a slight acquaintance with the notation of trigo- 
nometry are necessary. Familiarity with the use of logarithms or 
the slide rule is atrongly recommended for reducing the labor of 
computation. The course should properly be preceded by a more 
elementary course in physics. 

Small type has been used for a few descriptive and explanatory 
sections of the text which are not immediate parts of the specific 
directions of the experiments. The small type does not, however, 
signify relative unimportance of the material. Introductory 
remarks settii^ forth the application of the principles involved 
precede each experiment or each group of experiments involving 
the same principles. 

In writing this manual, some material, for which much indebted- 
ness is expressed, has been freely taken from Professor Sabine's 
Labor<Uory Course in Physical Measurementa. 

E. L. C. 

PREFACE TO THE REVISED EDITION 

For two reasons a revision of this book has become necessary. 
The distribution of time in Physics C has been so altered that the 
laboratory work now occupies a shorter time than formerly, and 
the exercises have therefore become unduly long. It is also de- 
sirable to include a wider variety of experiments in the manual, so 
as to fit the somewhat different needs of the various classes of 
students who use it. In the course of the revision many experi- 
ments have been altered, where experience has shown this to be 
advantageous, or on account of changes in the apparatus. The 
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experiments which have been added to the course have all been 
tested out jn practice, and it is hoped that most of their defects 
have in this vay been discovered, and eliminated. 

Acknowlec^ment ia gratefully made for valuable suggestions 
from many friendly critics, but special thanks are due to Mr. 
James A. Duncan, Assistant in Fhjrsica, for his hdp in the prepa- 
ration of Uiis revision. 

E. L. C. 

F. A. S. 
Sbptbicbxb, 1930. 
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INTRODUCTION 

The purpose of the laboratory work in Physics C is not only to 
teach physics but to develop in the student the ability to experi- 
ment. The latter impli^ a great many qualities and includes the 
ability to grasp the object and method of the experiment, the 
skilful manipulation of the apparatus, the power of quick and 
accurate observation, the capacity to derive results and conclu- 
sions, and, by no means least in importance, the ability to make a 
neat, concise, and complete record of the experiment. The char- 
acteristics which make a good experimenter are exceedingly valu- 
able not only to those who may wi^ to continue In the study of an 
experimental science but to those who follow other lines of work. 

The experiments of the course vary greatly in character, but they 
are chosen so far as possible to be equally interesting and beneficial 
to all students. Some experiments may be the same in principle 
as experiments already performed in elementary physics, but, 
in these cases, it is the object to obtain more accurate results 
through the use of more precise methods and better apparatus. 
Other experiments are of value more because of the principles which 
they teach. There are several experiments in the course which are 
distinctly engineering problems, but they are interesting because 
of the commercial application of some of the physical principles. 

The manual is not intended alone to supply the necessary text 
in preparation for the laboratory work, but is intended merely as 
a guide in indicating the object and method of the experiment. 
Satisfactory results cannot be obtained in the laboratory unless 
outside work is done in preparation for the experiments. The text- 
book should be studied on the principles involved, and, if necessary, 
other books should be consulted. 
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GENERAL DIRECTIONS 
The itiBtructor wiU refer to Ihe appropriate numbered paragraph in 
the fdUnoir^g general direcUoru aa ' 'G.D. No . . . ," for breeity, in 
eriticiziv^ reparte. 

1. Aasignmentt. 

Each experiment is to be performed on the day aeedgned. As 
experiment performed on ai^ other d^, without the permission of 
the instructor, may be given no credit. 

2. Data. 

The original data are to be taken down as neatly and system- 
atically as possible, on approved laboratory paper. This"d&ta 
sheet" is to form part of the final report on the experiment, and 
should include every observation, as originally taken. If, for in- 
stuice, the difference of two quantities is to be measured, and the 
values of each are first obtained separately, both sets of values, as 
weU as their differences, should be entered. The data sheet is to be 
shown to the instructor at the close of the laboratory period for 
examination, and stamping, and must not be altered in any way 
thereafter. 

3. UniU. 

Every numerical reading should be accompanied by the units 
employed, accepting that, in tabular forms, one statement of the 
imit is sufficient. In tiie metric system, only one unit is to be used : 
for instance, a length of 4.26 cm. must not be recorded as 4 cm. 
2.6 mm. 

4. Eatimation to tenths. 

Every reading, unless there are directions to the contrary, must 
be made to the smallest possible fraction c^ a scale division, e. g. 
tenths of mm. on a metric scale; and these must be recorded, even 
if they are seros. Estimation to hfdves, thirds, or quarters is not 
usually sufficiently accurate. 

5. Reports. 

A report is to be written on each experiment. The vahie of 
experimental work depends largely upon the way in which it is 
recorded. The record should be so clear and so well arranged that 
another person, say a fellow student, could understand it without 
reference to any other sources. 



INTftODUCnON 3 

6. Paper. 

Reports are to be written on special paper, protected by a oover, 
and furnished with, a title-page. Reports must be written in ink, 
or typewritten; but diagrams and graphs may be in pencil. 

7. Form of Report, 

The following order is recommended: 

(a) . The object of the experiment. 

(b) A list of the nuun pieces of apparatus used, together with 
laboratory numbers thereon, if any. 

(e) A concise but clear statement of tilie tlieory and method of 
procedure of the experimait. Tliis section must be written 
in the student's own words; it is useless to copy out the 
laboratory directions. Actual manipulations may be indi- 
cated very briefly, but time and care should be spent on 
making the purpose of each part of the work very clear. 
Diagrams will oiten be of great assisttukce, but they should 
not be perspective drawings. 

(d) llie data sheet. See G. D. No. 2. 

(e) Discussion of the data; derivation of results; discus^on of 
the sources of error, etc. 

(/) Answers to questions in the directions, if any. 
(g) Graphs, if any. 

8. When Due. 

The finished report is due at the beginning of the next laboratory 
exercise after the day of the performance of the experiment. 
Hearts one week late will, in general, be given only one half credit. 
Reports more than one week overdue may be ^ven no credit. 
. The reports will be examined and, if necessary, handed back for 
correction, in which case they are due at the next succeeding 
laboratory exercise. 

9. Working in Pairs. 

The entire «q>erimental work and the report are to be the work 
of the student whose name appears on the cover, unless more than 
one student work with the same apparatus, in which case the 
names of the co-workers should be recorded. In all cases the final 
report u to be the work of the individual student. 
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10. Quality of Reporta.- 

The quality of a student's work will be judged rather by the 
evidence of time and thought speot upon the report than by 
accurate numerical results, ^though accuracy is, to some extent, a 
measure of the student's ability. The standing of a student will 
also depend upon his knowledge of the experiment as shown by 
answers to questions which may be asked him at any time in the 
laboratory, upon the observance of the rules for significant ^ures, 
upon the way in which he handles the apparatus, and upon the way 
in which the apparatus is left. 

11. Reliability of Results. 

Every direct measurement of a physical quantity, and every 
result derived from any number of observations or measurements 
have a certain reliability dependent upon the following factors: 
the method of observation, the care exercised in manipulation, the 
nicety of the apparatus, etc. In other wwds, to every result there 
is assignable a certain definite accuracy which is sometimes difficult 
to determine, but which, in most cases, can be approximately 
found, as will be ^plained below. By the proper use of s^nificant 
figures the accuracy of a result can be clearly indicated, and, con- 
versely, a misuse of significant figures is very misleading and may 
inspire greater reliance upon a result than the work justifies. 

12. Significajii Figures. 

Significant ^ures are those figures in a number or decimal 
which remain after all ciphers, necessary only to locate the 
decimal point, are removed. For instance, in 2S,000 and .0025, the 
2 and the 5 are ^gnificant. In some cases a cipher may be signifi- 
cmit as, for instance, in the expression of the length of an object as 
.001250 cm. The final cipher may here be necessary in order to 
show that the measurements were made to that figure, but the 
result happened to come out as an even 0. 

As an example to illustrate the way in which the proper use of 
sigmficant figures can indicate the accuracy of a measurement, 
consider the following. If, in weighii^ with balances sufficiently 
sensitive to detect milligrams, the weight of a body is exactly 
twelve grams, it should he entered as 12.000 grajns. The three 
seros, in this case, are significant and are necessary to express the 
full accuracy of the observation. As another example to illustrate 
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the use of significant figtirea, suppose the volume of a certain body, 
as found by calculation from its dimensions, cornea out as 2463.072 
c.c, whereas from considerations given below it is known that this 
volume is doubtful in the place occupied by the 6. All of the 
succeeding figures are of no use and must be discarded, keeping 
only three significant figures. The result will be written 2460 c.c, 
and in order to show that, in this case, the final zero is not ^gnifi- 
cant, the last significant figure, which is the doubtful figure, is 
underlined. This practice of underlining the doubtful figure is 
exceedingly helpful, and will be used in this course. 

The method of determining the approximate accuracy of a result 
will be illustrated by the following example. The measurement of 
the dimensions of a cylinder by a vernier gauge gives as its length 
5.215 cm., and as its diameter 3.020 cm. The vernier gauge cannot 
accurately measure thousandths of a centimeter, and the last figure 
in each of the above values is in great doubt. The true length and 
the true diameter of a cylinder may be either greater or less than 
these values by .002 cm. To calculate the volume of the cylinder 
we have the formula V = lirr^. The radius is 1.510 cm. The 
arithmetical work is given in full, as it is most instructive : — 

1.610 

1.510 

0.000 
15.10 
756.0 
1510 
2.280100 

Since the last %ure in the value of the radius, the cipher, is in 
doubt, all of the figures underlined are in doubt. The first cipher 
in the product is in doubt, therefore the succeeding figures are 
wholly unknown, and should be discarded. Proceeding with the 
calculation, 

2.280 

3.141 
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Again discarding the figures which are ^olly imknown and beepiiig 
only the first figure wiiich is in doubt, 

7.161 

5.2U 

868TO 

7161 
14322 



37.344616 



The final result is to be entered as 37^, the succeeding figures, 
which are wholly unknown, being discarded. That there has been 
a great saving of labor will be obvious, if the student will but repeat 
the above calculations without discarding ai^ of the figures. 

13. Errors as Percentages. 

A better method of discusrang the results, and one which also 
applies to logarithms, is given below. If the calculation involves 
only multiplication and division, the percentage error introduced 
into the result by any factor is equal to the percentage error in that 
factor. Thus, in the example above, the error which could pass 
undetected in the measurement of the length is supposed to be 
.002cm.,' thisis .04 per cent of 5.215. Therefore, the possible error 
in the result arisii^ from this source is .01 per cent of 37.3446 . . . 
or .014 C.C. Obviously, therefore, the first figure 4 in the result is 
slightly in doubt, and the subsequent figures are unknown and 
must be discarded. If one of the factors is squared, the percent- 
^e error in the result is twice as great. If a factor is cubed, its 
error is tripled in the result. If the square root of a factor is taken, 
tide possible error is halved in the result. Thus, in the above cal- 
culation of the volume of the cylinder, the radius is squared. The 
error in the measurement of the diameter which could pass unde- 
tected is assumed to be .002 cm. This is nearly .07 per cent of 
3.020, — the diameter. Since the radius is squared, the possible 
percentage error arising in the result from this source is .14 per 
cent; .14 per cent of 37.3446 c.c. is .05 c.e. Thus, the first figure 
four in the result is in doubt, subsequent figures are unknown, and 
the result should be written 37.34. 

The above discussion has shown how the accuracy of a result can 
be approximately determined when the errors in the several factors 
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are known. How then can the accuracy of t^e factors themselves 
be improved? 

14. CloBses of Errors. 

There are several kinds of errors which may affect an observa- 
tion. One class of errors called inshittmrUal errors arise from 
defects in the apparatus, and can only be detected and diminished 
by changing the conditions of the experiment or by using different 
apparatus. An observation is subject to another kind of error if 
the experimenter persistently makes the measurement too large or 
too small, as might be the case, for instance, in judging the instant 
a pendulum swii^ by a certain reference mark at the lowest 
point of it« swing. This type of error may be classified as errors 
due to peraontd equation. The third kind of error is due to the 
expected chance mistf^es in observations, and is just as likely to 
be above as bebw the true value of the factor. It is this kind of 
error which can be materially diminished by using the average of 
several observations of the same quantity. 

K several equ^y careful observations have been made of the 
same quantity, the mean of them all is what Holman calls the "best 
representative measure." The error of this mean of course de- 
pends upon the errors in the individual observations, but the mean 
is more accurate than a single observation in proportion to the 
square root of the number of observations which are averted.' 

15. Relative Importance of Errors. 

It is well to note that, although the final result is desired to the 
greatest posable accuracy, it does not follow that every factor is to 
be determined with the greatest care. From the discussion pre- 
viously given, each factor introduces into the final result an error 
proportional to the error in the factor, so that a result cannot be 
more accurate than the least accurate factor. It is, therefore, time 
wasted to det^mine one factor with extreme care when the inevit- 
ably large error in another factor will make the result so inacciunte 
as to completely mask the care taken in the measurement of the 
first factor. The time should be spait on the determination of the 
least accurate factor. 

^ A reiy filsar diiouflnon of tha ti^Jsot ol FmnBcm ol Mflasuromanta may bo fooad m 
Hobiuio'*" DiMUvion of the FiMuioD of MaMumoenta," oi in Qoodmo'i " Pradrion of Mai 
nnnwoti and OnwUnl MMboda." 
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16. Graphical Methods. 

When a series of results depends upon one regularly varyii^ 
factor in the experiment, a very instructivB graphical representation 
may be made by plotting the results on coordinate paper. When 
this is done, an examination of the graph shows, in a much clearer 
manner than does a column of figures, the way in which the results 
vary as the factor upon which the results depend changes. This 
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method of recording results may be moat sdrnply illustrated by an 
experiment in which the temperature of a cooling body has been 
observed at frequent intervals; in this the temperature observa- 
tions form the series of results depending upon the time which has 
elapsed as the one varying condition. In the following the first 
column of figures gives the time in minutes which had elapsed from 
the banning of the experiment, and the second column the cor- 
responding temperature observations: — 



73° C 



13 □ 



51° C 



On the coordinate paper, which is ruled by numerous equally 
spaced lines, a certtun horizontal line is chosen as the axis of 
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dbadaaae, and a certain vertical line as the aaia of ordijuUes; the 
intersection of the two lines is called the origin. A horizontal dis- 
tance measured along the axis of abscissae is to represent the time 
from the beginning of the experiment to a certain observation, and 
a vertical distance measured from the point thus reached is to 
represent the corresponding temperature observation, each accord- 
ing to some chosen scale. Each observation is to be plotted in 
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this way and a curve drawn through the resulting points. In the 
curve plotted in Fig. 1, each horizontal space represents 5 minutes, 
and each vertical space represents a change in temperature of 10°. 

17. Smooth Cloves. 

It is not always desirable, or possible, to draw a curve through 
all of the points marked, but if it is known that the curve should be 
a smooth curve, and if the points are nmnerous, it should be drawn 
between them, thus averaging, in a measure, the errors of observa- 
tions. 

18. To Shaw YaTuOiona in Large Qvavtitie$. 

If the quantity plotted is large in comparison with ita variations, 
the scale on which the curve is plotted must be correspondingly 
Uu^ in order that it may show these variations. This may be 
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done without uang An awkwardly large sheet of paper by plottii^ 
only the curve and dispensing with the paper below. This is 
illuBtrated in Fig. 2, which is the curve representing the load 
required to ^nk a Nicholson hydrometer in water at various tern- 
peraturee. 

19. Potition oj Origin. 

If a quantity is bmg plotted as ordinatee, some of whose values 
are positive and some negative, the positive values are plotted 
upward from the axis of abscissae, the n^ative values downward. 
Thus, in the first example, if the body had cooled below zero, the 
curve would have crossed the axis of abscissae. When the abscis- 
sae are negative they are to be plotted off to the left of the origin. 

20. Choice of Scales. 

The scales for abscissae and for ordinates are to be so chosen 
that the observations cover a large part of the sheet of paper in 
both directions. At the same time, each ruled space of the paper 
must represent a convenient number of units, and the heavy lines 
must correspond to whole numbers. The two scales need not be 

21. Labdling the Scales. 

The quuiti^ represented by each scale must be plainly indi- 
cated, and also the units used. The scales must be numbered, the 
ntmibers occurring r^ularly but not being crowded. Numbers 
corresponding to the observed points themselves should not be 
written in. 

22. Pmnts. 

The pointa on the graphs should be recorded as fine dots, made 
with a sharp pencU; and these should be made conspicuous by 
drawii^ fine cross Unes exactly through each point, or, better still, 
to avoid obliteratii^ Uie points themselves, by drawing circles, or 
other hollow figures around the points. 



SECTION I. MECHANICS 
INTRODUCTION TO EXPERIMENTS 1 AND 2 

In these two experiments the density of some nrntemla will be 
found. The value of the ezperimenta lies not in the principles 
involved but in the methods and means of obtaining the results. 
The main point of the experiments is to obtain, through the use of 
accurate apparatus, and by giving attention to sources of error and 
careful ^cperimental manipulation, much more accurate results 
than may have been obtained by the same general methods in 
previous work. 

In performing these experiments, much thought should be giv^ 
to the correct use of the apparatus, to possible sources of error, and 
to devising a good scheme for recording the data. The greatest 
possible accuracy should be obtuned. These experiments, being 
the first of the course, ^ve an opportunity to become acquainted 
with advanced experimental methods. 

The vernier is a device which will be used la many «q>erimeDt8 as 
a means of obtaining greater accuracy in measurement. In 
preparation for the first part of Exp. 1 the following section on the 
vernier should be studied. 

Thb Vbbnieb 

The vtmier ia a device which aansta in the accurate reading of a scale. A 
scale ii naed to measure the relative amount of motioii of one part of an appara- 
tus with respect to another part. The scale ia usually an int^^ part of one of 
the membera of the apparatus and ia usually fixed, while on the other piece of 
the apparatus is foiud an index mark which movea along the scale and indicates 
the distance the one part has moved with respect to the other. The number of 
whole diviaions the index mark has moved from the aero position can be 
read off directly, and tenths of the smallest division estimated, but the vemio' 
enables the parts of the smallest division to be accuratdy and easily dxAer- 

The vernier conaiste of a small subaidiary scale marked oB beginning with 
the index mark as aero, and moves in contact with, and flush with the main 
scale. The n divisions of the vernier are made equal to a certain number m of 
the smallest divisiona on the main scale. In moat cases m is equal to n — i; 
but occaHJonally m may be equal to n + f > ia which case the vrntier is called 
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retrograde. Each diviuoD of the vernier ie, ther^ore, equal in length to tn/n. 
timee tbe value of the smalleet division of the main scale. The difference 
between the value of a main scale division and a vemio' division is the leaat 
count of the vernier, and ie the amalleet Boale value directly readable by the 
vernier. 

The following examples will make the above ooneideratioDB clearer. The 
vernier, shown enlarged in Figs. 3 and 4, would be used to indicate the tenths 
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of minimet«« on a oentimeter scale. Suppoee the smalleet divisions of Qie 
main scale are millimeters. The n, i. e. 10, divisions of the vernier are equal 
to m, i. e. 0, divisions of the main scale or millimeters, so that each vernier 
division is equal in length to m/n, i. e. 9/10, of a millimeter. The difference 
between this and one main scale division is I/IO m.m., which ie the least 
count of the vernier, and ie the smallest value that can be directly read by 
the vernier. 

If the index or sero of the vernier ooinddee with the sera of the main scale, 
no mark of the vernier except the and 10 wiU coincide with a mark of the 
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main scale. (See Fig. 3.) The first mark of the vernier falls short of a mark 
(HI the main scale by just I/IO of a millimeter, the second mark by 2/10 of a 
millimeter, etc. If the vernier wewi moved, say 7/10 of a millimeter from the 
Eov podUoD, the seventh vernier mark would coincide with a mark on the 
main scale. It is therefore clear that the vernier mark which ooinaides with a 
marie on the main scale indicates the number of tenths of a millimeter the 
index mark has moved from the last evrai millimeter mark on the main scale. 
The reading for the setting shown in Fig. 4 is 33.4. To read any vernier, lake 
the reading of the eeale dwition next preceding the zero of the vernier and add p 
timee the leaat eomU of the vernier, where f it the divition of the vernier in coin- 
ddence with a dieieion on the main scale. 

Fig, 5 shows another form of vernier which will be found on the spectro- 
meter. In order to find the least count of this vernier, it is necessary to find 
how much each vernier division ie lees than a division on the main scale. The 



BmaJleet divifflon on the main scale u 1/3 of a degree, or 20 minuteB, and 60 
vernier divinona are equal in length to 59 madn'Soale divifiions, nudHng one 
vernier division 59/60 of a m^n-soale division. The least count of the vernier 
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is,ttmefore,l/60of20minutea, or 20 seconds. Three divisions on the vernier 
indicate one minute, and the number of minutes along the vernier ore indicated 
bynumberB. 

I. VOLUME OF A SOLID 

Read IrUroduetion. to Experimenta 1 and S, and the section on 
the Vernier. 

Object. The objects of this experiment are to become famihar 
with the vernier gauge and the micrometer caliper; to find the 
dimensions of two specimen cyhnders, and hence their volumes; 
and to check the values of the volumes so obtained by immersion 
in water. 

^iparattis. Models of several types of verniers, very much 
enlarged for convenience, are supplied for examination and study. 

A vernier gauge and micrometer cahper together with a small 
steel cylinder, or its equivalent, and a large aluminum cyUnder, or 
its equivalent, are provided for the volume determinationB; alao 
graduated glass cylinders ("graduates")' 

The ViRNiHB Gauge 

llie vemkr gauge, an instrument for the measurement of length, and 

ihovs in Fig. 6, is provided with two jaws between which is placed the object 
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to be measured. One jaw is permanently fixed to a metric scale upon which 
the otiier jaw aUdes. On the movable jaw is the index mark which should 
ocundde with the lero of the scale when the jaws are together; and wiien the 
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object to be msssured is placed between them, this line merkB on the scale their 
dietonoe apart, and thus indicates the length of the object. MUr recording 
the number of whole oBntimeters and millimeters, if a fnotion of a nuUimeter 
rranains, it also mi^ be read off direotly and aocurately by means of the wnier. 
A more careful examlnalion of the Termer will pve gome information abo in 
regard to the next decimal place. 

The loro error, to be applied as a correction to aH measurementa, should be 
carefully determined by taking the reading when the jaws are preaaed gent^ 
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together. A plus or a minus sign should be prefixed to indicate whether the 
ocorectjon is one to be added or subtracted. Holding the instrummt to the 
light, note at what point the jaws touch, and use this part <tf the gauge in 
subseiiuent meaBUrements. 

Thb Micbouitkb Calipbb 
The miavtneler caliper, shown in Fig. 7, althou^ not as convenient as the 
Tcmier gauge and incapable of measuring as great lengths, is, neverthdees, 
a more aoouiato instrument. It consista of a setew moving in a nut toward or 
away from a fixed stop. One complete turn of the screw advances or with- 
draws its end by an amount equal to the distance between the threads of the 
screw, — a fraction of a tum by a proportional amount. The numbo- of 
whole turns may be read on a longitudinal scale, and the fraotion of a tum by 
graduations upon the head of the screw. The object to be measured is placed 
between the step and the end of the screw, and the latter turned down upon it. 
Ihe length of the object is then read off directly m unite which depend upon 
the pitch of the screw. The kto error is to be detennined before and aft^ 
measuring by taking the readings with the jaws closed. This correction, with 
the proper sign, must be applied to all readings. If the instrument is provided 
with a friction or ratchet head, it should always be taken hold of in turning 
down the screw, thus securing uniform pressure. If a ratchet head is bdng 
used, it should be turned until the ratchet just b^ins to act, but it should not 
be allowed to tum further, as the pounding woidd increase the pressure. 

Procedure. Examine and study each type <^ venuer provided, 
malring Bure that each vemiCT is perfectly understood. Record a 
reading on each vernier, and have the readings checked by the 
instructor. Record the least count of the vernier used. 

Measure the length and diameter of each specimen. At least 
five independent observations of the length of each specimen 
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should be made, and not less than ten meaBurements of the diam- 
eter of each should be recorded. Since it cannot be assumed that 
the specimens are exactly regular in shape, the measur^aente 
should be made at various places in order that a better average 
dimensions may be obtained; the tips of the jawa should be used 
for these measurements. 

Observe that in measuring a particularly email dimaision a very 
accurate instrument is required in order that the percentage error 
may not exceed the percentage error made in the measurement of 
the other larger factors. Special care should be used in measuring 
the diMQeter of a specimen because, since it is squared in finding 
the volume, the error produced in the result by an error in the factor 
is doubled. 

If water is poured into one of the graduates, the position of the 
surface may be read, by careful estimation of parts of a division, to 
an accuracy corresponding to one-tenth of a cubic centimeter. The 
lower part of the surface is to be used, as the rest of it is merely a 
thin film of water drawn up at the edges. A quantity of water 
should be put into the graduate sufficient to cover the specimen 
when immersed, and the positions of the surface are to be read 
before and after the specimen has been let down into the water. 
Splashing must be avoided by tipping the graduate while putting 
the specimen into it. The difference of the two readings gives, of 
course, the volume of the cylinder. The volumes of both cylinders 
are to be obtained in this way. They are also to be obtained by 
calculation from the measured dimensions. Record all results to 
the proper number of significant %ures, and include in the report 
a brief discussion of the accuracy of the two methods of getting the 
volume. 

Do not fail to record the identifying numbers of the specimens, 
as one of the same ones is to be used ag^. Include in the report 
a simple sketch, duly explained, of a vernier designed to read to the 
fifth part of a scale division. 
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2. WEIGHT AND DENSITY 

Read IviroducHon to Experimenta 1 <md S. 

Object The primary object of this experiment is to give prac- 
tice in the use of the equal-arm balance for the very accurate 
measurement of the mass of a quantity of matter in terms of the 
standard masses called weights. All corrections, made necessary 
by the inequality in the arms of the balance and because of the 
buoyancy of the air on the weights and object, will be made. 
These corrections will be shown to be very considerable when the 
accurate weight of a body is desired. 

Apparatus. A good equal-aim, analytical balance, shown in 
Fig. 8, and set of weights are provided for use in this experiment. 




One specimen cyhnder, one of those used in Exp. 1, is to be weighed. 
If Exp. 2 is done first, any cylinder may be used, but its number is 
to be noted, and the eame one is to be used in Exp. 1., together with 
a aecond cylinder. 

The EattAL-ARU Balance 

The following ia & description of the method t^ unng an equal-arm balance 
and the corrections necessary in detennining the mass of a body. In subse- 
quent e]^>eriments when the equal-ana balance is used, these directions must 
be folloved. 

Reading by Vibrations. Since time is consumed in waiting i<« tine pranter 
of an ordinary balance to cease swii^iag, it is best to determine the point 
at which it would come to rest by observing its turning points. The mean 
between the average <A the readings to the right, and the average of those to the 
Mt, of several consecutive swings, will be the point of rest. To (KHTect foj the 
error due to the diminution of the amplitude of swing by friction, an uneven 
numbw of swings should be taken, thus throwing both the greatest and the 



leaet upon the same side. If the pointer mores over a small scale numbered 
from to 20, suppose the consecutive excursioos are as follows; 



12.6 
8.9 

12.2 

9.6 

• 3)26^ 2)24.8 

8.9 12.4 

8.9 

2)2U 

10 .6 point of rest. 

The balance should be so leveled on the table that it cannot rock and thus 
change the zero point during the prepress of the experiment. Distuibing air 
currents, which will make the balance swing irregularly, may be avoided by 
always lowering the front of the case while weighing. As the pointer is some- 
distance in front of the scale, its reading will d^>end somewhat upon the por- 
tion of the (Amwver. Error from this soime may be avoided by placing a 
small mirror behind the pointer, and always taking such a position that the 
latter liides its own image. 

The xero point is to be redetermined each day before beginning work with a 
baJance; usually two sets of observations are sufficient. 

Double Weighing. In accurate work with balances it is necesswy to cor- 
rect for inequality in the lengths of the arms. The ratio of the lengths may be 
determined and the correction applied by the following method. Let the 
iMigthstrfthearmsbe a (left) and b (right). Place the body to be weighed in 
the left scale pan. By trial, determine what weight in the opposite scale pan 
will bring the pointer nearest to the true lero point previously obtained, and 
detwmine the point of rest by vibrations. If this is not exactly the eero, 
balance is not quite (Stained. Add one centigram. This vrill perhaps send 
the pointer to the other side of the sero. One weight is too small and the other 
is too large, but the exact weight required can be found by the following im>- 
cesB of interpolation. The diSerence between the two readings (the distance 
that the pointer is moved by one centigram) is the lengitiiieneta of the balance; 
its reciprocal is the fraction of a centigram required to move the pointer one 
divinon ; the latter multiplied by the distance from the first point of rest to the 
sero point is the fraction of a centigram which should have been added to secure 
exact balance; for eicomple, if the sero p<Mnt is lO.S, and if the point of rest is 
11.2 when the weight is 55.16 gms., and 9.8 when the weight is 55.17 gms., one 
centigram moves the pointer 1.4 divisions, the weight necessary to move it 1 

diviaon being r^ of ^ centigrun; and the weight necessary to move it from 

,7 
11.2 to 10.6, that is, .7 of a division, is r^ — .5 of a centigram, giving for Ha 
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true wdght oteeeeiay to ieoure balance m » 65.KS gme. This method, 
called mteipolAtion, makea it possible to weigh to milllEraina, altiiough the 
smallest w^gbt in the set is a oentdgruD. 

Ftem the prindple of the lever we have, if z is the imknown wei^t, 

oat — Wifi, 
Change x to the oppoate scale pan, and determine the weight ut necessavy 
to exactly balance it. The weights now are on the arm a, and the equation 
becomes 

Multip^ one equation by the othra. 
whence x » Vwiibi , 

„ ' «Bl + W| 

='-— 2— • 
approximately, since u>i and toi differ but slightly. Calculate x. 

This process of wraghing a body, first in one scale pan and then in the other, 
to eliminate the error arising from the inequality in the lengths of the arms of 
the balance, is called dotibte weighing. 

Weight In Vacuo. The opaation of weighing contdsts, strictly, in finding 
the number of standard mamoc called grams which are attracted by the earth 
with as much force as is the body which is bang wdghed. If a weighing has 
been made in air by means of the equal-arm balance, it does not follow that the 
earth ia attracting with equal force the weights and the body which is being 
weighed, even after a correction has been applied by double weighing for any 
accidental inequality in the lengths of the arms. The experiment is compli- 
cated by the buoyant action of the air which tends to lift not only the body 
which is b^ng weighed but also the brass weights. Properly, therefore, the 
experiment should be performed in vacuo. It is, however, usually more con- 
veai^t to work in the air and then apply the necessary corrections. The 
buoyant force of the air, the lifting force which it exerts, is equal to the weight 
of the air displaced. 

It is desired to find from the result of any weighing the number of grams 
which would have balanced the. body brang woghed had the Kq>eriment been 
performed in vacuo. For a moment regard only the buoyant force exerted by 
the lur on the brass wraghte. Had the experiment been performed in vacuo 
not BO many weights would have been required, ^ce they would not be lifted 
in part by the air. The finrt correction, therefore, is to subtract from the above 
result the weight of the air displaced by the brass. To find the value of this 
correction, calculate first the volume of the brass by dividing the number of 
^■ams by the number of grams required to occupy one cubic centimeter of 
space. Multiply this, the volume of the air displaced, by the wei^t of each 
cubic centimeter of air as determined from Table I given in the Appendix. 
The result is the correction t« be subtracted. On the other hand, the body 
bdng weighed has also been buoyed up by the air, and consequently appears 
lighter than when w^hed in vacuo. A second correction must therefore be 
aoDlied by addii^ the weight of the ait displaoed by the body. 
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Tlie result thus corrected is the number of grams which are attracted by the 
earth with the same force as b the body. This is the knowledge that is ahnoet 
always sought in weiglunc; and strictly, no accurate wdghlng la complete 
until these con«otiotia have been applied. 

Procedure. Any accurate we^hing involves finding the 
weight necessary to bring the "point of rest" of the pointer (when 
the weight is on) onto coincid^ice with the ' ' zero point " (when the 
weights are off)- If ^e point of rest, when tested several times in 
succession, proves not to be constant, there is evidently a limit to 
the accuracy of the weighii^ that can be done with the balance. It 
is often worth while to determine this limit of accuracy, so that one 
may know just how far results may be relied upon. For this pur- 
pose, at the beginning of this experiment, the zero point is to be 
determined at least five times in succession, by the method of in- 
terpolation, as described above. Before each determination, raise 
the balance beam by means of the device in the front of the case, 
and then lower it again. This gives -the knife-edges a chance to 
make contact with the surfaces on which they bear in a new way, 
if this is possible, and this may alter the arms of the balance very 
slightly, and hence the zero point. Average the five zero points, 
when found, and see which one differs most from the average, and 
how much. We may assume the average to be nearly correct, and 
we may call the differences from the average the "errors" of the 
single values of the zero points. Evidently in any weighing with 
this balance we may again get an error as large as the largest we 
have already obtained. If so, all weighings will be uncertain to 
such an amount as would of itself displace the pointer by the 
amount of this error. This small weight can be calculated from 
the eensitivejies& of the balance; and it may betaken as the limit of 
accuracy of the balance; no we^hings need be carried out to any 
hi^er degree of precision than this. 

Carry through the process of double weighii^, as described 
above. In a two-hour l^iboratory period, there will probably not 
be time to do the work on "we^t in vacuo," but it is of great 
importance in accurate work, especially when weighing substances 
whose density is very different from that of the weights used. 

Determine the sensitiveness, the limit of accuracy of the balance, 
the true weight of the specimen and the ratio of the lengths of the 
balance arms (o and b. in the above theory). In all cases, each 
point of rest is to be found at least iwice, and the average deter- 
mined. 
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From the weight, and the vdume as found in Exp. 1, calculate 
the density of the specimen. Identify the material of which it is 
made from a table of densities. 

What percentage error would be caused in the weight if the 
correction for inequality of the balance arms were not applied '! 

If this experiment is done before Exp. 1, the report may be held 
for a week, until the volume as found in Exp. 1 becomes available. 

3. FALLING BODY 
Object. The object of this experiment is to measure the time of 
fall of a small ball through a measured distance, and hence to de- 
duce the value of g, the acceleration of gravity. 

Apparatus. Special release apparatus on wall, high up; receiv- 
ing platform on floor; slider on board, with smoked glass, receiving 
traces from a " tracing mt^et," and from a tuning fork. 

Method. The ball is supported on the end of a light wooden 
beam, which may, on closing the " trigger " circuit, be released and 
pulled away from under the ball, so that the latter falls freely. This 
action breaks an electric circuit, and causes the tracing magnet to 
move. The electric connections are shown in a diagram with the 
apparatus. The same circuit is closed again automatically, in time 
to be broken once more by the arrival of the ball at the receiving 
platform. The motions of the tracing magnet produce a line on the 
smoked glass which is fastened to the slider, if the latter is drawn 
through by hand. The "trigger" key closes as soon as the end of 
the slider reaches it and starts the fall at the proper moment. The 
tunii^ fork is automatically maintained, and controlled by a 
switch; it must be started just before a record is taken, and turned 
off just after. 

The record itself consists of a wavy line produced by the fork, 
with another line, broken in places, beside it, made by the tracing 
magnet. These two lines should be close tc^ther. The time of 
fall can be read off this record in terms of fork vibrations, which 
must be carefully counted, marking every ten with a pin, to avoid 
getting lost on the way. The tracing magnet starts from its steady 
position and bumps against a stop. This bump furnishes a sharp 
and definite mark on the record, which is easy to fix with precision; 
it is to be taken as the true time of start; likewise for the bottom 



MECHANICS 31 

signal. These times must be estiniated as closely as possible, to a 
small fraction of a fork vibration. 

The experiment calls for at least two successful records of the 
fall; theshderis to be run through by hand, as steadily as possible, 
and at such a rate that it takes about one second for the whole 
operation. A little preliminary practice is recommended, to get a 
fairly uniform motion of about the right speed. 

In order to translate these time records into seconds, we must 
find the rate of the fork. For this purpose, turn the two-way 
switch over to " clock," and the tracing magnet will then give a 
signal every second. Then obtain two successful records of the 
fork against the clock, but during these, move the slider somewhat 
less fast, so that each record covers two consecutive seconds. Count, 
the number of vibrations in the two-second interval, and hence get 
the rate of the fork. From this follows the actual time of fall. 
Measure the actual distance of fall with a metric tape, and deduce 
the value of g. 

In the report on this experiment a brid description of the appara- 
tus is sufficient. Discuss carefully the sources of error. Show 
which needs the more careful attention, the length or the time, for 
accuracy in the final result. Oive reasons showing what would be 
a fair estimate of the attainable accuracy in each of these quanti- 
ties, and in the final result. Present these estimates in the form of 
"percentage errors." 

4. SPEED OF A BULLET 

The object of this experiment is to measure the speed of two 
types of rifle bullets. The bullet is shot into the bob of a heavy 
pendulum which is initially at rest. The resulting motion of the 
bob is measured; the momentum of the bob immediately after the 
impact is deduced, and hence the momentum and the velocity of 
the bullet just before. 

The apparatus consists of a pendulum hung by four wires, the 
bob in the form of a heavy cylinder, set horisontally. The rifle is 
mounted horizontally, so as to fire into one end of this cylinder, 
along its axis. The inside of the cylinder is filled with a wooden 
plug which receives the bullet. There is a frame between the rifle 
and the pendulmn which holds a paper diaphragm to shield the 
pendulum from the blast of air from the rifle. The rifle should be 
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at least three feet from the bob, and the screen about mid-way. An 
aluminium indicator is moved along a scale by the motion of the 
bob, and this makes it ea^ to find the distance D through which 
^as bob moves. This distance should be found by two or three 
trials for each size of bullet. The vertical distance L from the 
middle of the cylinder to the level of the top of the supporting 
wires is also to be measured. The pendulum is to be detached 
from the wires at the end of the measurements, and weighed; also 
a bullet is to be extracted from each sort of cartridge and weighed 
to an accuracy of at least a hundredth of a gram. 

From L and D find h, the distance the center of gravity of the 
bob rises (vertically) due to the impact. All the energy involved in 
the velocity V of the bob after impact is spent in raising the bob 
during the swing D. Hence the relation between V and h is the 
same as if the pendulum had moved up the distance h vertically. 
FindF. 

From these quantities find the momentum of the bob aft«r, and 
of the bullet before the impact; and hence find the velocity of each 
bullet. In this calculation, the fact that the pendulum gains 
mass by taking in the bullet may be ^nored, as the bullet is com- 
paratively light. 

Measure also the length of the barrel, and the diameter of the 
bullet. Find, from the enei^y of the bullet, the average force act- 
ing on the bullet while it was inside the barrel, and hence find the 
average force per sq. cm. or the pressure in the barrel during the 
explosion. 

Should the kinetic eneigy of the buUet just before the impact be 
equal to that of the bob just afterwards? Why? 

INTRODUCTION TO EXPERIMENTS 5, 6, 7 AND 8 
An engineer, who des^ns a bridge, a building framework, or even 
so simple a structure as a crane, must know in advance the stresses 
to which the various members of the structure will be subjected in 
order to specify the ^e of ea«h part. The experience in the solu- 
tion of such problems as is afforded by the following experiments 
is of value to everyone because of the development of a certain 
amount of common sense in problems of statics which serves as a 
very good guide in the absence of an exact solution. 

Before attempting the experiments the foUowii^ section on 
Statics should be studied. This section serves simply as s brief 



review of the conditions of equilibrium of forces and not aa a com- 
plete text on the subject of Statica. 
Statics 
GxNBiuL Equilibriuu Conditions fob Coflahar Fobcxs 

Law 1. The aam ttf Ihe eomponenit in 4my dAreetuM iff aU the fcreei acting 
on a body equate Ihe turn tif the eomponenli in the oppoeile direction <f the eam« 
forces. Thia Btatns that the body will not more in the particular direction 
ohoaen. It is usual to choose two directions <^ reeoluti<m at right aoglee to 
each other, and often these orthogonal directions are the verUoal and horiiontal 
directioru. 

. An equivalent statement of Law 1 is aa follows : All forces acting at a point, 
mr on a body, or on any group of bodies which is in equilibrium, form a closed 
polygon if drawn raid to end and all pointing around the polygon in the same 
direction. 

Law 3. The sum of aU of tiie posUine momenlt or torques abmd onji point t^ aU 
iKe forces acting upon a body or group qf bodiee in equilibrivm, u equal to the turn 
of aB <^ the negatite momente or torques of the forces about the tame point. Poa- 
tive moments or torques and the negative moments or torqun tend to turn in 
the opposite direction about the point. This law states that thartt it no t«Q- 
dency of the body or group of bodies as a whole to turn about any pdnt. 



5. CRANE 

Object. This experiment is intended to give practice in the 
solution of a few problems in statics dealing with the dmple crane. 
The immediate object of the work is to determine; partly by graph- 
ical methods and partly by calculation, the forces actii^ to support 
the jib <A a small crane in several arrangements of the apparatus, 
and to check these results with the measurement of the forces aa 
given by spring balances. 

Apparatus. The smail crane, as shown in Figs. 10-13, consists 
of a jib having upon one end a pull^ for accommodatii^ either the 
supporting rope, or one canying the weight or load. A steel pin, 
which passes trwisversely through the other end of the jib, passes 
loosely through two large holes or slots, one on each side of the jib, 
in the iron supporting frame. A vertical row of large hooks on the 
board back of the jib serves as convenient points to which the ropes 
can be attached. The centers of the circular hooks are in a 
vertical line passing through the pin at the lower end of the jib. 

Procedure. Four separate cases are indicated in F^. 10-13. 
The case indicated by Fig. 10 is the simplest possible; each sue- 
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ceeding case becomes more and more complex. It is, ther^ore, 
necessary that each one be perfectly understood before proceeding 
to the next. Each student is to do three of the four cases indicated 
below. 

Each case is to be solved so far as posuble by the gra[^ical 
method. In this method of solution, an accurate drawing to scale 
is made of the structure under test. All dimensions used in the 
solution are then obtuned directly from the drawing. Ail forces 
are represented in direction and magnitude by lines, and all reso- 
lutions into c<nnponents and compoeitioos of forces are made 
directly on the drawing. This method of attack, besides being 
much easier than the purely analytical method, is va? much more 
instructive. 

All dimensions necessary to make the accurate scale drawiog of 
each set-up are to be taken in the laboratory. Each drawing 
should be accurately and neatly executed, and of sufficient size to 
give accuracy in the measurement of the distances. Each meas- 
ured force is to be represented in magnitude and directiqp by a line 




drawn to some convenient and sufficiently large scale, and its 
magnitude expressed in pounds along the line representing the 
force. Forces are to be measured to tenths of a pound. The forces 
obtained by calculation are to be represented on the drawing in the 
game manner as indicated above for the measured forces, and the 
numbers representing their mi^tudes printed in a different 
colored ink or bracketed to distinguish them from the measured 
values. If the direction of a calculated force does not coincide with 
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the direction of the same force aa measured, the calculated force 
should he cleBrly represented in some way, as by a different colored 
ink, or by a dash Une. 

Referring to Pigs. &-12, W represents the weight hung on as 
load and should be from 8 to 12 lbs. The weight <^ the jib, de- 
noted by w, acts as if concentrated at its center of gravity. F and 
S are supporting forces in the tie rope and at the base of the jib, 
respectively. 

In Case 1, Fig. 9, an additional weight W ia hung at the center of 
gravity of the jib. This c^se is exactly equivalent to a wwghtlees 
beam and a weight W + w supported by forces F and S. Ob- 
viously, in this particular case, the force jS is in the direction of the 
axis of the jib. 

The force F and the vertical and horizontal components of S are 
to be measured in the laboratory. In a practical case only those 
forces which are underlined would be known, mid the others would 
have to be calculated. Consequently, in working out the results. 




the underlined forces are to be considered as known, and the other 
forces are to be obtained by calculation and compared with the 
measured values. All dimensions necessary for an accurate drawing 
are to he taken. 

The following is a detEuled hst of the measurements necessary for 
Case 1. . 

Casel. 

1. W^gh the load to determine W to tenths of a pound. 
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2. Record the exact p<^tion and mE^nitude of w, and impor- 

tiuit dimensioiis of the jib. 

3. Arrange the apparatus as shown in Fig. 9, and record F 

to nearest tenth of a pound. 

4. Measure the exact distance from the center of the pin at the 

lower end of jib to the center of the small circle of the 
hook to which F is attached. 

Note. The Btiing attached to the hook alwajra has a direction 
which passes throt^ the center of the hook circle. 

5. Two sprii^; balances are to be fastened with ropes to the 

pin in the lower end of the jib. One balance must be 

pulled vertically upward until the pin just clears the 

lower edges of its slots in the supporting frame. The 

second balance is then pulled in a horizontal direction 

until the pressure of the pin against the backs of the 

slots is just overcome. Simultaneous readings of the 

balances give the vertical and horizontal components 

from which S may be found. Show that S in Case 1 is 

in the direction of the jib. 

The arriu^sement described above is a very special case and not 

often found in practice. The other cases are not so simple, for, in 

general, the forces are not applied at the center of gravity, and the 

weight of the beam causes the supporting force S to act in some 

direction other than the direction of the axis of the jib. 

Case 2, shown in Fig. 10, represents an arrangement one step 
more difficult than Case 1. All dimensions and forces are to be 
measured as in Case 1. Cases 3 and 4 are indicated in F^ 11 and 
12, respective^. 

Results. The following specific directions are given for Cases 1 
and 2, but the other case is to be worked out without further aid. 
Casel. 

1. Draw the complete and accurate drawing to scale, making 

the drawing as large as convenient on a sheet of report 
paper, and letter the drawing. 

2. Record the magnitudes of measured forces as described. 

3. Lay off the magnitude of the force W + wto some proper 

and convenient scale. 
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4. In tliiB special case, use the polygon-of-force method, and 
complete the parallelogram. Determine, from the scale, 
the values of F and S, and record these numbers beside 
the lines representing the respective forces. Record also 
the measured values of F and of the components of S. 
Case 2. 

1. The drawing should be made as for Case 1. 

2. In this case, since the magnitude of F and both the magni- 

tude and direction of S are unknown, the method of the 
hrat case cannot be used. The problem must be solved 
by moments. Draw the dotted line perpendicular to 
the direction of F. This is the moment arm of the force 
F about the pin as an axis. 

3. Using Law 2, express the moments of TF + w and F about 

the pin as an axis. F, being the only unknown force, 
can be calculated. 

4. Lay oflF to the proper scale the magnitude of F, and resolve 

F graphically into its horizontal and vertical com- 
ponents. 

5. By means of Law 2, the horizontal and vertical components 

of S can be calculated and should be compared with the 
observed components. 

6. From each set of components, the magnitude and direction 

of S can be obtained and expressed according to the 
directions. 
Work out one of the cases completely before leaving the labora- 
tory. 

6. ROOF-TRUSS 
Read IntroducHon to ExperimerUa 5, 6, 7, and 8. 

Object. The immediate object of this experiment is to obt^, 
by experiment and by calculation, the forces acting upon the roof 
structure as a whole and upon its parts under different conditions 
of loading. 

Apparatus. A roof-truss, provided with weights and sprii^ 
balances, is provided for use in this experiment. 

The roof-truss, shown in Fig. 13, consists of two members 
hinged together at their upper ends corresponding to the portion 
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of the ridge-pole. The lower end of one beam is hinged to a sup- 
port. The lower end of the other beam rests freely on a block of 
wood, and is constrained horizontally by a rope extending between 
the lower ends of the two beams. 

The truss as a whole is acted upon by the external forces Vi, 
Vt, W, wi, and wt. The left-hand member is acted upon by the 
forces Vi, F\, vh and Ri, the latter force being the force which acta 
u-pon the upper end of the left-hand beam. This force Ri must cause 
an equal and opposite reaction, which force is the stress in the end 
of the left-hand member. This whole discussion, which applies to 
the left-hand members, applies in principle to the other member. 

In any actual case, only those forces underlined in the figure 
would be known. Consequently, in the solution of the problem as 
given in this experiment, the underlined forces are assumed known, 
and the forces not underlined are to be calculated and compared 
with the measured values as obtained in the laboratory. 

Procedure. Three cases will be solved. Case 1 represents a 
truss loaded at the central point correspondii^ to the ridge-pole. 
Case 2 represents a roof-truss loaded on one side with snow. Case 
3 is to be an or^nal arrangement and is to be different from the 
two cases given above. 

The specific directions are given below for Case 1. 

Case 1. Load down the roof-truss by a we^ht of about 10 or 
15 lbs. hung at the center. Pull vertically upward on the end of 




the member which rests upon the block, and then carefully let it 
down, always keeping the balance and supporting rope vertical. 
This insures that the force between the truss and the block is 
vertical. 

Measure carefully all dimensions necessary for an accurate 
drawii^ of the truss as set up. Read the balance in the tie rope 
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and, by means of another balance, the force necessary to just 
equalize Fj. In reading these balances, it is well to support the 
balance in the tie rope, We^h the weight W with a spring balance 
to 1/10 pound. The forces Ri and fis cannot easily be measured in 
the laboratory, but will be calculated. The weight of each member 
Wi and Wi, which may be assumed the same, can be obtained by 
lifting the unloaded truss from one end, thus measuring the upward 
force corresponding to Vi or Vj, which are in this case equal. 

Case 2. Fasten along one of the beams a bar of metal to repre- 
sent a snow load on one side of the roof. Omit W. Measure 
all dimensions and forces as in the preceding case. To find Vi and 
Va, lift the truss from the free end, shifting the load of "snow" 
from one side to the other. 

Case 3. The third case is to be an original set-up as different 
from Cases 1 and 2 as possible. A very interestii^ case would be 
an arrangement in which one end of the truss is at a different level 
than the other end. The complete solution is to be made as before. 

Computation and Results. The solution for obtaining the. 
values of the forces not underlined in the figure is to be made 
accordii^ to the outline given below. All necessary distances to 
be used in the moment equations are to be obtained from the accu- 
rate drawings to be made for each case. It is clear, that since the 
members have weight, the resultant of the F and V forces, and the 
R force cannot be assumed in the direction of the beam. The 
solution cannot, therefore, be made by the usual parallelogram-of- 




forces method, but must be made by the combined application of 
Laws 1 and 2 in the section on Staiics. 

The solution of problems by moments is much easier if an axis be 
chosen about which the moment of at least one of the unknown 
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forces will be zero. A little experience helps in the choice of the 
shortest methods. An outline of a method for the solution of 
Case 1 is given below. 

1. To determine Va, consider the structure aa a whole, and 

take momente about point b of only those forces which 
act upon the truss as a whole. 

2. To determine Fi, express the momentfi about pomt c, or use 

Law 1 for the forces acting upon the truss as a whole. 

3. To determine ^i, take moments about point a of all forces 

acting upon the left-hand member. Law 2. Neces- 
sarily, F\ = Ft in magnitude. 

4. Obtain Si, the resultant of Vi and Fi, by the parallelogram 

law. A possible resolution is shown in the left-h&nd 
side of Fig. 14. The same method gives Si. 

5. Ri is obtained as follows: make an isolation sketch, such 

as the one in the middle of Fig. 14, for the left-hand 
member of the truss. The forces Si and «ii act as indi- 
cated, while Ri is drawn as a wavy line showing that its 
direction is unknown. Ri is now foimd by means of a 
force polygon. To do this, vectors representing the 
known forces 5i and Wi to any convenient scale are 
drawn end to end, thus forming all but one side of a 
polygon. This remaining side represents in magnitude 
and direction the desired force ^i, as shown in the right- 
hand sketch in Fig. 14. 

6. Find Rs by the method of 5. 

7. Make an isolation sketch for the three forces acting on tiie 

pin at a. Draw a foree polygon for them as a check on 
your previous results. 
Cases 2 and 3 are to be solved in a similar manner and without 
further aid. The results are to be expressed in the customary way. 

7. LARGE CRANE 

Read Introduction to Experimenis 5, 6, 7, and 8. 

Object. The immediate object of the following experiment is 
to obtain all forces acting in a large model of a loaded crane, and 
thereby to pve a practical knowle(^e of the stresses to be expected 
in an actual crane, and the method of findii^ the exact value of 
the forces. 
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Appafatus. The model of a crane to be used in this experiment 
is shown in Fig. 15. The main vertical beam rests on a platform 
balance which gives the total vertical force Vt. The upper end of 
the beam is guyed in the direction of Hi by a rope and, spring b^- 
auce, the balance serving to give the value of Hi. An iron link 
supports the top of the beam in a direction perpendicular to the 
plane of the paper, but is constructed so that it does not affect the 
forces in t^is plane. A steel pin passes horizontally through the 




lower end of the jib and works freely in slots in the iron side 
pieces at the middle of the vertical beam. The lower end of the 
jib is supported vertically by two spring balances, one connected 
to each end of the pin. The four pulleys, two at the upper end of 
each member, are for accommodating the rope, and may be used 
singly as shown in the figure, or together to form double pulley 
blocks. 
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Procedure. Airai^ the craae as shown in the dif^ram, and 
load with a weight of over 50 pounds. Measure all dimensions 
necessary for makmg an accurate drawing to scale of the crane as 
arranged. Measure all forces shown in the diagram. The weights 
of the beams are given on the apparatus. 

The force H' is determined by pulling horizontally with a spring 
balance until the pressure of the pin against the side of the slot 
through which it works is relieved. The two balances which give 
the value of V should be read only while force H' is being deter- 
mined, for otherwise the friction between the pin through the jib 
and the side of the iron slot would cause a large error. 

The lower eud of the vertical beam rests on balls which are free 
to roll in races in a stationary iron plate. The force Hi can, thae- 
fore, be measured, as was H', by pulling horizontally with a spring 
balance until the lower end of the crane just moves. The reading 
of V: and Et should be taken simultaneously, for otherwise the 
side thrust of the lower end of the crane would make the reading of 
the platform balance indefinite and inaccurate. 

A second or^^nal case is to be set up, and the data recorded. 

Conqmtati(Hi. The forces which are underlined in the figure 
are those which would be known in any actual problem, and aje, 
consequently, the only forces to be assumed as known in the solu- 
tion of the two cases to be solved. AH forces not underlined are to 
be obttuned by methods simile to those outlined for the small 
crane and roof-truss. The final resultants of all component forces 
are to be indicated on the drawings. 

8. THE BRIDGE TRUSS 

Object. To study the forces in a loaded bridge truss; to discover 
which members are in tension, and which in compression; to ob- 
serve the amount of the force in each member, and to compare 
these with the amounts given by calculation. 

Apparatus. Experimental Bridge Truss, with test member and 
spring balances; heavy weight, as a load. 

Method. Hang the heavy weight on the center bar of the 
bridge. This load produces stresses in each member of the bridge 
which may be measured by means of the special test member. The 
latter is to be attached in such a way that the force in it will over- 
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come the tension or compression in the bridge member, and leave 
the latter slack. The sum of the readings in the two spring balances ■ 
of the test member will then give the required stress. The force in 
the test member can be adjusted by means of tumbuckles, anJd can 
be made either a tension or a compression by reversing one end. 
A little study of the apparatus will make this plain. 

If the load were lifted o£E the bridge, there would still be forces 
in the bridge members due to the weight of the bridge itself. These 
are to be foimd by trial, after the loaded bridge is finished. The 
difference between the observed forces in a given member when 
loaded ajid when not loaded gives the force produced by the load 
itself, and this is the quantity which is to be compared with the 
calculated value. 

In order to calculate the force produced in each member by the 
load, let us first consider one end of the bri<^e. Fig. 16 represents 




the whole bridge, ft and fij will, by ^Tumetry, each equal half the 
load in this case. F^. 17 is what is called an isolation sketch of the 
pin at A ; that is, it is an enlarged view of the pin ' ' isolated ' ' or 
separated from its surroundings, with all the forces that act on it 
indicated by arrows. These are the thrust of the supports (^2) 
the^thrust Fi of the diagonal member AC down and to the left, 
and the pull Ft of the horizontal member AB to the right. We 
know by inspection that Fi must point as shown, and not in 
the opposite direction, because the sum of all the forces or com- 
ponents of forces upward must equal the sum of all the forces or 
components of forces downward if the pin is to be in equiUbrium. 

W ■ 
Now — points up, and Fs does not point either up or down; so Fi 

must point in such a way as to have a downward component to 
W 



34 PHYSICAL LABORATORY MANUAL 

toward the right to balasce the leftward component of ^i. That - 
. is, the member AC is in compression and the member AB in tension. 
We now solve for Fi and Ft, either by the paraUelognun of forces, 
or by the triangle tjf /orces (which amounts to the same thing). If 
the sides of ABC are 1.5 feet, 2 feet and 2.6 feet, we have, since 
ABC is similar to the force triangle 

3/2 " 2 ' 5/2 
or f..-x-- g 

, _ 3 „ IT SIT 

In a similar manner, consider the point B, and work out the 
forces in BE and in BC. Then, by considering the horizontal and 
the vertical forces at the point C, find the stress in CD and in CE. 
Finally, by considering the forces at D, find the force in DE. By 
symmetry, the forces in the other half of the bridge may be written 
in without further calculation. 

If there is time, repeat the whole experiment, starting with the 
load on the pin B. In this case, there is no symmetry about the 
arrangement, but the calculations can be carried throi^h in much 
the same manner as before. The calculations for this case are to 
be made, even if there was not time to make the corresponding 
measurements. 

Present the results in the form of a bridge diagram, markii^ 
tensions or compressions by arrows suitably directed, and writing 
the forces, both calculated and observed, beside the corresponding 
bridge members. 

9. CENTRIPETAL FORCE 

Object. The object of this experiment is to study and test the 
laws of centripetal force. 

Apparatus. The apparatus consists of a disc, capable of revolv- 
ing, with some small brass stops fastened to it. Some small rec- 
tangular steel blocks, a tuning fork, and smoked paper in strips 
are also provided. 

Theory. If a block is set up on the disc with one edge resting 
against one of the brass stops, and the disc is then made to revolve 
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faster and faster, a speed will be reached at which the block will tip 
over. Let h and b denote the height and breadth of the block, and 
let at denote the acceleration of the block when tipping occurs. It 
may be proved that 

a,-gb/h (1) 

But the acceleration a, is also given by the general formula 

at^v't/r (2) 

where Vt is the velocity of the block when tipping occurs and r is 
the distance of its center of gravity from the axis of rotation. In 
this experiment we compare the values of the acceleration given by 
the right-hand members of (1) and (2) and thus check the two 
formulae. For this purpose we measure the values of v, corree- 
ponding to various values of b, k, and r, 

Proof of (1 ) : Consider the forces acting on the block before 
it reaches a speed sufficient to produce tipping. The block has 
an acceleration o directed towards the axis of the table. Hence 



be directed toward the axis of the table. Furthermore, so long 
as the block does not tip it is in equilibrium as regards rotation 
about its own center of gravity. This means that the sum of 
the moments of the applied forces about the center of gravity 
must be zero. 

The applied forces consist of (1) the force of gravity W act- 
ing downward through the center of gravity, (2) an equal and 
opposite force R due to the reaction of the table, and (3) a 
horizontal force F acting along the line of the base of the block 
and due to the pressure of the block against the stop. The 
resultant of these three forces is F and consequently F = Wa/g. 

The moment of F about the center of gravity is Fhf2 or — — 

The moment of IT is zero and hence the moment of F must be 
balanced by an equal moment due to R. Then obviously R 
cannot act through the center of gravity. Let d denote the 
distance from the center of the block to the line of action of R. 
Then if the block is not to tip, d must satisfy the equation 
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As the speed of rotation increases the force F and the eorre- 
Bponding moment increase. Hence d must increase and the 
point of application of R must shift outward to preserve equili- 
brium. This continues until finally d becomes equal to b/S 
and the force R acts up through the outer edge of the block. 
If the acceleration increases beyond the corresponding critical 
value equilibrium cannot be maintained and the block will tip 
over. Hence 

bfS = a^/^g 
which leads immediately to equation (1). 

Procedure. See that the disc is accurately level. For each 
test, place the block against the appropriate stop, then slowly speed 
up the disc by tumii^ the axis. When the block tips over, stop 
accelerating the disc, and take a tuning fork record immediately, to 
get the value of vi. The tuning fork record is obtained by pressing 
the vibrating fork, fitted with a fine tracing wire, or bristle, gently 
against a strip of smoked paper, placed around the edge of the 
disc. A fresh strip is to be placed in position for each test. 

Each set of apparatus includes 3 blocks with square ends and 
lengths equal to 2, 3, and 4 times the width of the ends. By stfuid- 
ing them on end, therefore, one may make b/h take the values 1/4, 
1/3, or 1/2; by laying any one, preferably the shortest, on its side, 
pointing in a direction across the radius, one obtains b/h = l/I. 
By laying them on their sides along the radius, we have b/k = 2/1, 
3/1, or 4/1. The nearer edges of the brass stops are at such dis- 
tances from the axis as to make the centers of gravity of the blocks, 
when properly placed against them, just 10 cm. from the axis. 
Each stop is, of course, good for any block with a certain value of 
b, so that the same one will do for any value of b/h up to 1/1, and 
others must be used for b/h ■■ 2/1, or 3/1. Each stop is marked 
with the values of b/h for which it is intended. 

Record the vibration number of the fork. 

In carrying out the experiment, make teste at the 10 cm. radius 
for values of b/h = 1/4, 1/3, 1/2, 1/1, 2/1, and 3/1. 

Results, The results are certain values of at. One set is obtained 
from the measurements, the other from the formula involving the 
dimensions of the blocks. Plot two curves on the same ^eet of 
paper, with values of Vi as abscissae for both curves. For one of 
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these, use a, = g-r as ordinates, placii^ each value opposite the 
corresponding observed value 0^1!^ For the other curve, take any- 
convenient values of vi, calculate — from these, and use these 

values of a, as ordinates; this curve will be the theoretical curve. 
What form of graph ^ould we have if we plotted ai against r? 



?• 



10. STUDY OF A SPRING 

Object. To load a spring with weights, and to determine how 
the extension varies with the force; also to find how the period 
of vibration of the spring varies with different 



Apparatus. Spiral sprii^ mounted in a Joly 
weights; etop-clock. 



The Jolt Baiance 
The Joly boUnce, shown in Fig. 18, is essentially a 
very eeuaitive spring balance. The top end of the spring 
is attached to a support which is movable up and down by 
means of an easy and convenient control located at the 
bottom of the upright. The distance the top is niised ia 
indicated by a scale and vernier on the vertical standard 
of the instrument. The maaipulation of the instrument con- 
KSts in placing in the pan, which is attached to the bottom 
end of the spring, the object to be weighed, and raising, 
by meanaof the adjusting mechanism, the top of the spring 
until a line on a piece of metal hung on the lower end 
returns to a certain stationary index mark. 

The stationary index mark is a scratch around the whole 

circumference but on the inside of a piece of glass tubing 

clamped on the main support and through which the piece 

of metal, bung on the lower end of the spring, freely 

. pflssea. In viewing the index mark, the experimenter 

I must be in such a position that the scratch on the glass 

toward the observer just hidea the scratch on the back 

half of the circumference. The setting consists in bringing 

in line with this stationuy index scratch the middle white line on the movable 

piece of metal. 

Me&od. First part. Level and adjust the balance so that the 
parts are in line, and the spring system passes centrally through 
the glass tube upon which the reference mark is scratched. Two 
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acale pans axe fatmg on the spring; one of these is to dip into 
a glass of water, so that it hangs quite free, and only a single 
wire protrudes through the surface of the water. In this ex- 
periment this lower pan is used merely to damp out the vibra- 
tions of the spring, and bo to make possible much quicker readings 
of the balance. 

Take the zero reading, with no weights on the pans. This 
should be not far from zero, but no attempt should be made to 
make it exactly zero. Make several independent settings, and 
average. Then place a weight in the upper pan and obtain the 
reading of the balance for this weight by at least two trials. Re- 
peat this process for several other weights, progressing up to the 
limit of the balance by steps sufficient to increase the stretch of 
the spring each time by about 5 cms. 

In the report on this part of the experiment, a curve is to be 
plotted for which the abscissae represent the loads, and tlie ordi- 
nates the elongations. Observed points are to be represented by 
dots in small circles, and a smooth line is to be drawn, not neces- 
sarily through each point, but followii^ the general course of all 
the points. If this line is a straight line, it means that the spring 
follows Hooke's law, F = kx, where x is the elongation in centi- 
meters produced by a force of F dynes, and k may be called the 
stiffness of the spring. 

SecoTid Part. If the spring is stretched a little and then let go, 
it will vibrate with simple harmonic motion. As explained in the 
text-books (e. g. Kimball's College Physics, page 84) the time of a 

complete vibration is 2 r y -r- where m is the mass movir^, ex- 
pressed in grams, and k is the "stiffness." The mass here referred 
to is the mass which would have to be hui^ on an ideal we^htless 
spring of the same stiffness as the actual one, in order to produce 
the same rate of vibration. 

Measure carefully, by at least two trials of 50 or 100 swings 
each, of small amphtude, the rate of vibration of the sprii^, re- 
moving for this purpose the glass of water, and the lower pan, and 
attaching the upper pan directly to the spring, the index device 
being unhooked and pushed aside. Hence calculate the equivalent 
mass of the spring (and pan). Should this be the same aa the 
actual mass ? Test it, if in doubt, by weighii^ the spring and pan. 
Explain, 
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Ae a test of the relation between time, mass and stiSneas, 
measure the time of swing, as before with, say, 5 grams on the pan, 
and again with 10 (or choose 3 and 6 if the spring will not support 
10). In each case calculate what ought to be the period of 
vibration with the total mass (equivalent mass of spring plus load), 
and compare it with the time actually observed. 

Estimate, with reasons given, the percentage accuracy with 
which the time of vibration can be measured, and the error which 
is introduced, from this cause, in the comparison between theory 
and experunent. How could this error be reduced ? 

11. THE PENDULUM 

Object. The object of this experiment is to make an accurate 
measurement of the value of g. 

Apparatus. BiSlar pendulum; clock; cathetometer. 

Method. According to the " pendulum formula," the value of 
g can be found by measuring the length of a simple pendulimi, and 
its time of swing. Hie formula is true only for a simple pendulum, 
consisting of a particle on the end of a weightless string, oscillating 
through a very small arc. In practice, the particle must be heavy, 
if it is to swing long enough to enable us to measure its period 
accurately, and in that case the simple formula no loi^r holds 
precisely; and the length of the pendulum is not so easy to measure. 

Better precision is obtained if the bob is in the form of a cylinder, 
supported by parallel and equal wires in a bifilar arrangement. In 
this case the bob remains parallel to itself, and each particle of it 
moves in a different circle about a different center, and therefore 
acts hke a simple pendulum. The radii of these circles are all equal, 
and equal to the length of the wires. 

In this apparatus, the wires are double, and are looped over 
small pins, which project at the ends of the bob, and the support- 
ing bracket. The wire will rock in its place, and its " length" will 
be from the upper part of the upper pin to the lower part of the 
lower. This distance can be measured without touching the pen- 
dulum, by means of the cathetometer. This instrument is a vertical 
scale with telescope and vernier. There is a sliding piece which can 
be clamped at any he^t, and which carries a screw by means of 
which the telescope, when clamped, may be raised or lowered 
through small distances. This is the fine-adjustment screw. The 
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telescope has cross-hairs, the intersection of which is to be set level 
with the upper point; and the vernier then gives the upper reading. 
By loosening the clamp, and letting down the telescope to such a 
place as permits the lower mark to be seen, and again clamping and 
using the fine adjustment screw until the cross-hair passes through 
the lower mark, a second vernier reading is obtained. The dif- 
ference of these two readii^ is, of course, the length of the pendu- 
lum. This is to be found for each wire, preferably measuring the 
two upper marks first, then dropping down to the two lower. 
Average the two lengths. 

The cathetometer scale is of brass, and is correct only at a certain 
temperature marked on a tag on the instrument. A thermometer 
nearby gives its temperature. Assume an expansion coefficient of 
0.000018 for brass, and correct the lengths as measured for the 
expansion of the scale. 

To obtain the time of swing, set the pendulum swinging through 
a small arc only, say one or two cm. each way from the position of 
rest, and be sure that it moves parallel to the wall, without any 
wobbling. When this condition is secured, close the light switch on 
the shelf, andwatch the behavior of the small lamp. Current to light 
this lamp flows through the relay, run by the clock, and throi^h 
the pendulum wires, leaving the bob by the fine wire projectile 
below, which cuts the mercury drop in each oscillation. The mer- 
cury drop will not, in general, be cut at the same instant as the 
relay is closed, so that, most of the time, no current will fiow. Ooce 
every few minutes, however, a coincidence occurs between the mo- 
tions of the clock and the pendulum, and when this happens the 
lamp will light up at the middle of each swing for several swings. 
During the interval between two such coincidences the pendulum 
will have gained, or lost, one swii^, or half period, over the clock. 
Determine which. If we note the time between coincidences, in 
seconds, we have the number of clock swii^ (half periods) in this 
interval, which is the same as the number of seconds; and the 
number of swings of the pendulum is one more, or less. Hence 
we can find the time of one swing, and the period of the pen- 
dulum. 

In practice, note the time on the clock face (in hours, minutes 
and seconds) when the first and last flashes of each coincidence 
occur, and take their mean as the true time of the coincidence. 
Measure, without stopping the pendulum, the interval of time 
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between at least five consecutive coincidence periods, for greater 
accuracy. 

Discuss the sourcee of error in the experiment, and eetimate the 
percenti^ error that might reasonably be made by this method, 
both in the time and in the length. Find the likely percentage 
error in your value of g. 

INTRODUCTION TO EXPERIMENTS 12, 13, AND 14 

Experiments 12, 13, and 14 are alike in dealing with the 
capacity of a machine to do that for which it is designed. The 
efficiency of a machine, whether it be a steam engine, an electric 
motor, a jack screw, or what not, is of great practical interest 
because it expresses the ability of the device to transform into useful 
effects the work which is supplied. 

The experiments are of valued giving an opportunity for observ- 
ing the operation and principle of two forma of machines, and 
in illustrating some common en^eering methods of measurii^ 
efficiency. The results are very interesting in showing the com- 
paratively low efficiency of some common devices. 

EFncrnNCT 

The effidenej/ (rf a machine is the ratio of the power output to the amultiui- 
eoua power input, or the efficiency may be expressed as the output o! the ma- 
chine in useful work for a certain interval of time, divided by the work input 
for the same interval of tune, the two beii% expressed in the same unite. 
EfficieBCy is usuaJIy expressed in per cent. 

If the machine is one wliioh does not run continuously aa, for instance, a 
lever, or a chain hoist, it is neceassfy, in order to find the efficiency, to do a 
measured amount of work upon the machine, and measure the amount of useful 
work which results. 

If the machine runs continuously, it is custoniary to measure the amount of 
w<»'k put in for some interval of time, say a second or a minute, and at the tame 
Ume measure the amount of useful work performed by the machine for the 
same interval of time. In some special cases it may he easier to measure the 
input or the output, and to measure or to calculate the loases, from which data 
the efficiency can be determined. This is often the case with electrical ma- 
chines. ■ 

For practically every machine the efficiency depends upon the conditions of 
load. In general, the efficiency increases up to a certain maximum as the 
machine is caused to do more and more work, and then finally drops off as the 
machine is loaded down still more. The load for which the machine gives its 
muTjiniiTii efficiency is the load for which the machine is designed. 
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It is, therefore, usually <>' great iotereet to have the complete history of the 
way in vhich the efSdency changes mth increasing load. This history is 
usually plotted in an efficiency curve, for which the ordinates represent the 
efficiencies corresponding to the outputs as abscissae. When the macliiiie is 
operating with no load or output, the efficiency is obviously zero. Both scaJea 
should, therefore, begin with zero at the origin. The efficiency curve is always 
a smooth curve. 

The shape of the efficiency curve is of practical interest in showing the 
maximum efficiency attainable by the machine, for what load the machine 
works at this maximum efficiency, how rapidly the efficiency falls off as 
the load is either increased or decreased from the load for marimum 
efficiency, etc. 

The following section on Torque and Measurement of Work arid 
Power will be found helpful in working out the experiments on 
efficiency, and should be studied in preparation for these experi- 
ments. 

The section on Mechanical AdvarUage of a Machine must be 
studied in preparation for Exp. 12. 

Torque ajud the Measubeuent of Wore and Power 

The tendency of a force to produce rotation about an axis is dependent not 
tmly upon the magnitude of the force, but upon the perpeTuHcular distance 
from the axis to the line of action of the force. The product of the force and 
this perpendicular distance, known as the torque, or numtenlr^irm, measures 
the tendency of the force to cause rotation, and is called the torque or mmnenl 
of the force about the axis. If the force is in pounds and the distance in feet, 
the torque is expressed as so many pound-feel, but not foot-pounds, which is the 
unit of work. A torque is the product of a force and a distance measured 
perpendicular to the line of action of the force, whereas work is the product of a 
force and a distance measured in the same direction as the force. 

Torques or moments are useful in the solution of problems oa equiHbiium 
of forces as expUuned in the section on Statics, and also in the measurement d 
the work dcnie by a machine provided with a brake. There are numerous other 
uses for the above principles which will appear later. 

A force F which has a torque-arm r has a torque T about the aids, where 
T - F Xr. 
The force F is distant r from the axis, and, if allowed to cause the rotation, 
moves in a circle of radius r and circumference 2«r. The work done in one 
revolution is 2irrF or 2tT. In any case, where the torque causes constant 
rotation, the power developed is readily calculated if the speed of rotation is 
known. If n is the number of revolutions per second, tiie work done per 
second or the rate of doing woric, which is the power, is equal to 2rTn. If the 
force and distance are expressed in pounds and feet respectively, the power in 
. 2mT 
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BrakM are often i^iplied to machines to meaaure the woric done in a given 
time or the power output. Frscticttlly all brakes depend upon friction between 
rubbing surfaces, the work being di^pated in heat. If the amount of power 
is large, the brake must be cooled by water or by other means. Brakes are of 
various kinds, but ail are provided with an airangement by means of which the 
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torque can be measured. The power can thus be calculated from the torque 
and speed. 

Pigs. 19 and 20 represent two common forms of brakes, each of which may 
be conuderably varied in form. The brake shown in Fig. 19 ia known as a 
Pnmy brake. 

MbcHjINic&l Asvantaoe of a Maghinz 
When a mechanical force / acting upon a machine results in a force P 
exerted by the machine, as, for instance, in the case of the lever, the jack screw, 
etc., the ratio F/} is called the actuol mechanioal advantage of the machine. 
This mechanical advantage depends upon the amount of friction, and is, there- 
fore, a variable according to the conditions under which the machine is operated. 
The theoretical mechanioal adaaTtlage of a machine is the ratio of the corre- 
sponding forces assuming no friction or 100% efficiency. The theoretical 
mechanical advants^ is, therefore, d^endent only upon the kind and dimen- 
eions of the machine, and is a oonstant. It is obtained from the asautnption 
that the output equals the input. Let d be the distance through which the 
force / acting upon the machine moves in a particular case, and D the corre- 
sponding distance moved by the force exert«d by the maciiine. If F' is the 
force that the machine ought to exert if there were no friction, then F' is greater 
than F. Also f X d - F' X D if there is no friction. The theoretical 
mechanical advantage is, therefore 



F' eannot be measured, but the distancee d and D can, and supply the data for 
nalculating the T.M.A. 
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12. EFFICIENCY OF A CHAIN HOIST 

Read the ItUrodtidion to Experiments IB, IS, and 14. 

Object. The object of the following experiment is to obtain 
the efficiency curve and the theoretical mechanical advantage of 
two common forms of chain hoists. 

Apparatus. A duplex chain hoist of one half ton capacity, a 
common differential chain hoist of one quarter ton capacity and a 
block and tackle are provided for test. We^ts are provided for 
load, and spring balances will be used to indicate the pull on the 
chain necessary to operate the hoist. 

The duplex pulley provided is a form of machine for the purpose 
of lifting heavy weights. It, in its results, closely resembles the 
common differential pulley hoist, but works on a slightly different 
principle. The important part of the mechanism is a worm and 
gear. 

A description of the common diSerential pulley will be found in 
most text-books. 

Procedure. Each student is to make measurements on two 
hoists. The theoretical mechanical advantage of each hoist is first 
to be determined. The hoist is to be operated, and the correspond- 
ing distances moved by the operatii^ force and the resulting force 
are to be accurately measured. The distances moved must be 
large enough to give sufficient accuracy in the measurements. It 
is suggested that the output end of the machine is niade to move at 
least a foot. The two distances can be measured in any units, pro- 
vided the units are the same for both, for the distances always 
enter as a ratio, but centimeters will be found more convenient for 
measurement. 

The data for the efficiency curve are obtained as follows: Load 
the machine down by steps to a little more than that for which the 
machine is rated, determining in each case the force necessary to 
operate the hoist. Since the efficiency chaises most rapidly for 
small loads, the loads should begin at zero and prc^ess by very 
much smaller steps at first. In all, there should be at least 8 or 
10 points on the efficiency curve. 

Since the static friction is greater than the friction when the parts 
are in motion, the reading of the sprite balance, which records the 
pull on the ctmn, should be taken when the chain is moving with 
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constaat velocity. A small spring balance is provided for getting 
this pull when the force is less than 30 pounds. A larger one is 
provided for the greater pulls. 

Be sure that the total pull on the chain is recorded. Note that 
a correction is usually necessary, due to the weight of the balance 
itself, and sometimes a zero correction besides. The method of 
making these corrections should be clearly indicated in the report. 

The observed force is that necessary to raise both hoist and load. 
It is this force which must be applied in every practical case, there- 
fore no correction need be made to determine the force needed to 
raise the load alone. 
' Results. The results for each hoist are as follows: 

1. Efficiency curve of chain hoist with load as abscissae. 

2. Theoretical mechanical advantage of chain hoist. 

3. Conclusions and remarks. 

13. EFFICIENCY OF A WATER MOTOR 
Read IfUTodudion to Experiments IS, IS, and 14- 
Object. The object of this experiment is to test a Pelton water 
motor, and to obtain curves of efficiency and speed under varybg 
loads. Althoi^h the efficiency obtained for the small motor pro- 
vided for test is lower than that of a larger motor, yet the results are 
typical in general characteristics, and the method is instructive. 

Water Powek and Wateh Motors 
Water which is under preeaure, or which is in an elevated position, poeeesses 
potential energy, and if allowed to escape or fall from its elevated reservoir can 
be made to do work. The amount of power available depends not only upon 
the pressure or height, but also upon the quantity of water discharged per unit 
of time. The eame quantity of work could be done in a given time by a small 
amount of water discharged under liigh preasure, or falling from a great height, 
as might be done by a very large quantity of water discharging under low 
pressure, or falling through a small distance. The latter is sometimes known as 
a hiB grade water power, but may be just as useful as the high grade system. 
There are many examples of the low grade power in this part of the country, 
a very good example of which is the new power derived from the Mississippi 
liver at Keokuk. The high grade powers are very common in Norway and 
Switzerland, where water is often drawn from heights of a thousand feet or 
more. 

The two kinds of power require different types of water motors. The low 
grade power is converted by the so-called turbine wheels. The other type of 
motor which is applicable to the high beads and small amounts of water is 
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known ob the Pelton or jet motor, and is the form which will be tested in 
this experiment. 

In the Pelton type of water motor, water issues in a powerful jet from a. 
properly dedgned nozzle, and impinges on a series of buckets fastened on the 
periphery of the rotating wheel. Pig. 21 shows the geoersl appearance of the 
rotor. In eome motors there is more than one nozzle. The buckets are usually 
double and so airat^ied that the jet of water strikes 
the sharp-edged partition between the two halves of 
the bucket and is thereby deflected, one half the stream 
going into each pocket. ' Each half of the stream, in 
following the curved bottom of the bucket, is reversed 
in direction and leaves the bucket without interfering . 
with the m^n jet. The maximum amount of work is 
derived from the jet of water when the bucket has one 
half the velocity of the issuing jet, (or then the water 
leaves the bucket with zero velocity and, therefore, zero 
enei^. 

Apparattis. The Peiton wheel, to be tested 
in this experiment, is operated at a pressure of 
about 90 pounds per square inch. This high 
pressure is supplied by a triplex pump oper- 
ated by a small directcurrent electric motor. 
A relief valve is connected between the pump 
and the water motor and may be set at any 
pressure. The surplus water passes out tliroi^h the valve and hence 
to the waste pipe. A pressure gauge indicates the pressure of the 
water. A water meter is connected in the supply to the water motor 
and may be used to determine the motor's consumption of water if 
only one motor is being operated, although in any case it is much 
more accurate to catch and weigh the quantity of water discharged 
by the motor in a given time. The motor is provided with a brake 
for measuring the power output of the machine as described in the 
Section on MeasuTement of Torque and Power. 

A speed indicator is provided for determming the speed of the 
motor. 

Procedure. An instructor will start the pump. The pressure 
should be kept constant, and readings of speed and torque are to be 
taken as the motor is loaded down from no load to a load sufficient 
to stop the motor. A preliminary rxm should be made in order to 
determine by what steps the motor should be loaded in order to 
give about 10 or 12 cases in the complete run. The quantity of 
water used remains about constant and may be determined only a 
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few times. It will be necessary to know eertaia dimen^ons of the 
brake in the calculation of the power output. 

Computatioa and Results. The power input of the water motor 
is to be c^culated from the pressure of the water and the quantity 
of water which is used by the motor per unit of time. To calculate 
this input in foot-pounda per minute, multiply the pressure in 
pounds per square foot by the number of cubic feet of water flow- 
ing per minute. 

The gutput of the motor is to be calculated bb explained in the 
Section on Measurement of Work and Power. 

The results are to be plotted in curves, Theria are various ways 
of doing this, the more usual b^ng to plot curves of efficiency, 
speed, and torque as ordinates against power output as abscissae. 
In this case, however, curves of speed and efficiency are to be 
plotted as ordinates against torque aa abscissae. 

After plotting the curves, the following deductions from the 
curves are to be slpted : 

1. Maximum efficiency. 

2. Speed at maximum efficiency. 

3. Speed at no load. 

4. Ratio of speed at maximum efficiency to speed at zero load. 

14. EFFICIENCY OF A TRIPLEX PUMP 
Read IrOroduction to Experiments IS, IS, and 14- 

Object. The object of this experiment is to obtain a curve 
showing how the efficiency of the pump varies with the power 
output. 

Apparatus. The pump provided for test is a commercial three- 
cylinder type known as a triplex pump. F^. 22 gives, in diagram, 
the arrangement of the apparatus. The pump is driven through 
belt and gears by an electric motor M. Water is pumped from the 
barrel reservoir R, through the water meter Q and two pressure 
regulating valves, one of which ia indicated at V. These reUef 
valves are connected in series, and serve to regulate the pressure 
from zero to about 150 pounds per square inch against which the 
pump works. This back pressure is indicated by the gauge P. 
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Procedure. Simultaneous readings of pressure, quantity of 
water discharged per unit time, and input of the electric motor are 
to be taken for 8 or 10 adjustments ran^g in about equal steps 
of prrasure from zero to 120 pounds per square inch. 

The quantity of water is best determined by noting the exact 
time taken by the one-cubic-foot hand of the water meter to make 
just one revolution. Take several observations of this time for 
each value of pressure. 

The input to the electric motor is obtained from the readii^ of 
the anmieter / and the voltmeter E. 

Computations and Results. To find the efficiency of the pump 
we must get its input and its output. The input (in foot-pounds 
per second) is found as follows: multiply each reading of the am- 
meter I (in amperes) by the corresponding reading of the voltmeter 
E (in voits) ; this gives the electrical input (in watts) to the motor. 
An efficiency curve of the motor is posted nearby from which the 
proper value of the efficiency is to be selected, and this is to be 
multiplied into the above product, thus giving the power output of 




the motor, or input to the pump. To convert this to foot-pounds 

per second multiply by =7^, or 0.737. 

The output is found as follows : pumping against a pressure of 
P pounds per square inch is equivalent to raising water to a height 

of -TT— X P feet; pumping one cubic foot in ( seconds is equivaleot 

62.5 
to pumping 

raised) X (' 



62.5 



pounds in one second. Hence the product (height 

' P 

ei^t lifted) = 144 -- foot-pounds per second. 
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The results are to be expressed in a curve of efficiency (plotted as 
ordinates) against power output in foot-pounds per second (as 
abscissae). 

15. MOMENT OF INERTIA 

Introductoiy Remaxks. The mass of a body is the important 
factor in determining the translational motion of the body in any 
direction when acted upon by a force in that direction. Similarly, 
the moment of inertia of a body is the property of the body which 
determines its rotational motion when acted upon by a force which 
has a moment about the axis of rotation. 

The same analogy between mass and moment of inertia appears 
when expressing the energy of motion of a body. The kinetic 
energy of rotation of a body is expressed in terms of the moment 
of inertia of the body about the axis and its angular velocity of 
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rotation, just as the kinetic enei^ of translation of a body is 
expressed in terms of its mass and linear velocity. 

There are many practical problems which deal directly with 
rotational motion, and, therefore, involve a moment of inertia. 
AH problems dealing with rotating machinery fall in this class, and 
include such problems aa the design and action of fly-wheels. 
There are many other problems such as the strength of beams aa 
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detennined by the shape of their croas section which, although the 
reason may not be apparent, involve the moment of inertia of the 
cross section. A knowledge of the meaning of the moment of 
inertia and its use in simple problems is, therefore, of great impor- 
tance. 

Object. The foUowii^ experiment is designed to illustrate the 
use of moment of inertia in the solution of problems in rotation. 
The moment of inertia of two bodies will be obtained by experi- 
ment, and the results for one of these compared with the value of 
the moment of inertia calculated from the mass and dimensions of 
this body. 

Apparatus. The apparatus for this experiment, shown in Fig. 
23, oonasts essentially of a vertical shaft carrying a large disk and a 
drum. The bearing at the lower end of the shaft consists of a 
highly polished, glass-hard, ' steel point which fits into a hard, 
polished cup on the end of the shaft. This bearing is made to have 
as little friction as possible, and because of its small size and the 
danger of injury, deserves special care. The bearii^ at the top 
consists of a steel point which fits into a hard steel cup in the upper 
end of the shaft. This bearing carries none of the vertical load, 
but serves to guide the upper end. A fine silk thread, to one end 
of which is attached a spherical we^ht, passes over a nearly fric- 
tionless pulley, and then horizontally to a drum on the shaft over 
which it winds. A ring, the moment of inertia of which is to be 
obtained, is provided for use with the apparatus. 

Discussion. The ordinary formulae for accelerated motion in a 
straight line are 

V = at 

s = \af^ 

V = V2aa 

where s is the distance traversed from rest in the time t, when the 
motion is with acceleration a, and v is the velocity at time t. 

Exactly similar formulae hold for rotatioital motion, and are as 
follows: 

(l)--.! 

(2) « - i ^' 

(3) » - V2a» 

wbere <o is the angular velocity measured in radians per second. 
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t is the time, 6 is the angle in radians swept out in time t, and a 19 
the angular acceleration. 

When a body of mass M is caused to move in a strmght line by 
the application of a constant force F, the acceleration a of the body 
is given by the equation F = Ma. 

If a body is caused to rotate through the action of a force, which 
has a moment about the axis, the angular acceleration is given by a 
formula ^cactly similar to the above, i. e., 

(4) Fr = la 
where Fr is the moment of the force F about the axis, / is the 
moment of inertia of the system about the axis, and a is the utgular 
acceleration. 

The kinetic energy of a mass movii^ in a straight line is 
E = iMt^, 
and the analogous expression for rotational kinetic energy is 
(5) £ - i W. 

The moment of inertia of a rotating body may be found by the 
apphcation of either formula (4) or (5). We shall make use of a 
method based on formula (4). If a weight, attached to a thread 
which winds over the drum on the shaft, starts from rest and de- 
scends throi^h a measured vertical distance, the frictioa in the 
bearii^ and the air virtually reduces the pull on the drum, so that 
the resulting ai^ular acceleration is not so laj^e as would be ex- 
pected; also the potential eneigy given up by the falling weight 
does not all reappear as kinetic energy of the disc, but some is lost 
on the way. These two facts are closely connected, and we shall 
use the latter to help in finding the reduction in force referred to in 
the former, uid so in allowing for the effects of friction. 

Procedure. Put a little oil on the bearings, and very carefully 
place the shaft and disk in place. The upper bearing should exert 
no downward pressure on the shaft. Using a spirit level, adjust 
the poMtion of the upper bearii^; until the disk is exactly level. 

Tie a weight to a light thread, the other end of which is tied into 
a hole at the edge of the drum; the thread being of such a length 
that the ball almost touches the floor when it is all unwound from 
the drum. Then turn the disc, winding up the thread on the drum, 
and raising the weight in all just 100 cm. from its lowest position. 
Then let it go. The disc will spin with increasing ai^ular velocity 
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as the weight falls, but, afterwards, the thread will wind itself up 
t^ain, and the weight will rise to a height which would be the ori- 
ginal height if it were not for friction. Measure the actual height 
reached above the lowest position of the weight. Call hi the height 
through which the weight falls and At the height to which it subse- 
quently riaes. If F^ ia the force of friction, and Mg the weight 
(both in dynes) the work done by f i is Fi (h + hi), which must be 
equal to the energy lost. Therefore 

Fy (h + h)=Mg (A, - ft,). 
The force F actii^ on the body and producing the aeceleration 
referred to in equation (4) is Mg ~ Fi. This may be called the 
"reduced weight." Calculate the torque produced by this re- 
duced weight, and substitute in equation (4). It will be necessary 
to measure the diameter of the drum, preferably with vernier 
calipers. 

Find a. in equation (4) by measuring with a stop-clock the time 
taken for 8 complete revolutions of the disc, starting from rest. 
Hence, find the moment of inertia I of the disc. Measure also, 
the time taken for the weight to descend the whole distance of 
100 cm.; this is for use later on. 

Carefully place the iron ring centrally on the disc, and repeat 
the process outhned above, using a larger weight at the end of the 
thread. Calculate in this case the " reduced " weight, and the 
moment of inertia of the combination. Find from this the moment 
of inertia of the ring alone. Measure the inner and outer radii of 
the ring (r and R), and weigh it. Compare the observed value of 
/ with that calculated from the formula 

In the report, add a comparison of the potential energy de- 
hvered by the descendir^ weight to the disc {in the first case 
only) to the kinetic energy acquired by the disc when it has its 
maximum angular velocity. Calculate the maximum angular 
velocity by equation (1), using the total time of fall as i in the 
formula. 



SECTION II. HEAT 

20. DETERMINATION OF THE MECHANICAL 
EQUIVALENT OF HEAT 

btroductoiy Remarks. Heat is a form of energy, and a funda- 
mental physical law states that a quantity of heat is equivalent to a 
perfectly definite amount of mechanical energy. The amount of 
mechanical energy which is equivalent to one unit of heat is called 
the mechanical equivalent of heat. Mechanical energy can be com- 
pletely converted into the equivalent heat, but no device will 
convert all of the heat avaUable into its equivalent mechanical 
energy. This non-reveraibility of the transformation is because 
of the fact that heat is the lowest form of energy and is the form 
toward which all others tend to pass. 

Object. The object of the followii^ experiment is to convert a 
measured amoujat of mechanical energy completely into heat, and 
to meaaure the resulting quantity of heat. From these determina- 
tions, the mechanical equivalent of heat can be obtained. The 
mechanical energy is easily measured, but the determination of the. 
heat is difficult because of the inevitable loss of some of the heat 
during the experiment, which necessitates certain corrections. 

The corrections for the loss of beat, however, add interest and 
value to the experiment because the method by which the correc- 
tions are made ts illustrative of much of the more advanced 
experimental methods. 

Descr^tion of the Apparatus. In the machine for this experi- 
ment, shown in Fig. 24, a vertical spindle carries at its upper end a 
brass cup A. Into an ebonite ring, concentric with A, there fits 
tightly one of a par of hollow truncated cones. The second cone 
fits into the first one and is provided with a pair of steel pins which 
correspond to the two holes in a grooved wooden disk B. In the 
experiment, the disk B prevents the inner cone from revolving 
when the spindle and the outer cone revolve; it is the friction 
between the two cones which converts into heat the mechanical 
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energy supplied. A heavy ring, resting on the disk and held by 
two pins, serves to ^ve a euitable pressure between the cones. 

A brass wheel is fixed to the spindle, and by a string passing 
around this wheel and also around a hand-wheel, motion is imparted 
to the spindle. A pair of guide pulleys prevents the s£rii^ from 




running off the wheel. Above the wheel is a screw cut upon the 
spindle; this screw actuates a cog-wheel of 100 teeth, which runs a 
cyclometer or speed counter. " 

To the base of the apparatus one end of a bent steel rod is at- 
tached; the rod can be fixed in any position by a nut beneath the 
base. The other end of the rod carries a cradle in which runs a 
small guide pulley, this pulley beii^ on the same level as the disk. 
The cradle turns freely about a vertical axis. 

A fine string (plaited silk fishing line) is fastened to the disk and 
passes along the groove to the point of tangency; it then passes 
over the pulley and is fastened to M, a mass of 200 or 300 gms. On 
turning the hand-wheel, it is easy to regulate the speed so that the 
friction between the cones just causes Mtohe supported at a nearly 
constant level. 

To prevent the string from running off the guide pulley, a stiff 
wire with an eye is fixed to the cradle in such a manner that the eye 
is on the same level as the groove of the pull^ and about 5 cms. 
from the axle of the pulley towards the disk. If the string be 
passed through this eye, it will always turn the cradle so tiiat the 
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string runs fairly over the pulley. In order to prevent the mass M 
from being wound up over the pulley, an eye is fixed to the steel 
rod, and the string supporting M passes through this eye. With 
these arrangements it is impossible, even with unskilful driving 
of the hand-wheel, either to throw the string off the guide pulley or 
to wind M up over the pulley. 

Settiiig up die .^>paiatus. The frictional machine, or Jovler, as~ 
it may be called, is firmly clamped to the table, and the hand-wheel 
is also clamped to the table at a distance of a few feet. Care must 
be taken that the drivii^ string runs property, without any risk 
of slipping off the hand-wheel. The steel rod is also fixed in a 
convenient position. 

A thermometer is hung from a support so that it passes throi^h 
the central aperture in the disk, and almost touches the bottom of 
the mner cone. The thermometer should also pass through the 
hole in the stirrer. 

The string supporting M should be of such a length that, when 
as much as possible has been unwound from the disk, M is not quite 
in contact with the floor. 

Before putting the cones together, the rubbing surfaces must be 
carefully cleaned, and then four or five drops of oil must be put 
between them ; the bearii^ of the spindle and guide pulleys should 
also be oiled. 

Method of Experimenting. The cones, cleaned and oiled, are 
weighed together with the stirrer. The inner cone is then filled up 
to about 1 cm. from its top with water 2° or 3" below the tempera- 
ture of the room, and the system is again weighed. The Jouler is 
now put into working order, one observer X taking his place at the 
hand-wheel, and a second observer Y at the Jouler, By working 
the Jouler, the water is now warmed until its temperature is as 
nearly as possible equal to that of the room. The observer Y 
stirs the water and notes the temperature every 30 seconds. After 
the index of the counting wheel has been read, and the temperature 
{5i) of the water has been caTefuUy observed and recorded, the 
operator X turns the hand-wheel fast enough to raise the mass M so 
far that the string supporting M is tangential to the edge of the 
disk. If the string be not tangential, the moment of its tension 
about the axis of revolution is seriously diminished. 
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After the temperature has risen 6° or 8°, the motion is stopped, 
and the highest temperature (fla) shown by the thermometer is care- 
fully read. This maximum temperature will be reached several 
seconds after the Jouler is stopped, so that stirrii^ should be con- 
tinued until this observation is made. The Snal reading of the 
counting device is also observed. From this reading, together 
with the initial readii^, the total number of revolutions n of the 
spindle can be ascert^ned. 

Observations to determine the correction for cooling are then 
made. Without disturbing the apparatus, the temperature of the 
water is raised about 2° above fit by working the Jouler. The 
Jouler is then brought to rest, and the water is allowed to cool, 
with frequent stirring, and observations of the temperature are 
taken at intervals of about one minute for 10 or 15 minutes. 

Calculation of the Correction for Cooling. Since, for small 
differences of temperature, Newton's Law of cooling is nearly true 
ii. e. rate of cooling is proportional to temperature difference), and 
since the temperature of the water rises nearly uniformly, the cor- 
rection r^ to be added to ^ — fli is approximately equal to half the 
product of the rate of cooling at the temperature ftj and the time 
occupied by the rise 62 — 61. 

Calculation of the Work Done. When the spindle has made n 
turns, the work spent in overcoming the friction between the two 
cones is the same as would have been spent if the outer cone had 
been fixed and the inner one had been made to revolve by the 
descent of the mass M grams. In the latter case M would have 
fallen through 2Twr cms,, where r is the radius of the groove of the 
wooden disk. Hence the total work spent in overcoming friction 
and thus producing heat is 2vnTMg ergs- 
Calculation of the Heat Produced. Let W grams be the mass of 
the water, and w grams the mass of the cones and stirrer. 

The specific heat of the metal may be taken as .095, and thus the 
system of cones, stirrer, and water is thermally equivalent to 
(W + ,095ic) grams of water. 

During the action of the Jouler the heat in the system of cones, 
stirrer, and water has increased by (fis — 61) {W + .095 w) unite, 
while {W + .095 w) units have escaped from that system by 



radiation, conduction, and convection. Hence the total number of 
thermal units produced is (W + .095 w) {h — 5i + <^) water- 



Calculation of the Meclumical Equivalent of Heat. If J denote 
the number of erga of work which must be spent to raise the tem- 
perature of one gram of water by one d^^^e, we have 

' 2TrnrMg 

*^" {W + .095w) (tfa - e, + «) ' 



21. HEAT OF COMBUSTION OF GAS 

Introductoiy Remarks. It is often unportant to know tiie 
" heat of combustion " of a fuel, i. e., the heat derived per unit of 
fuel burned. Its numerical value depends, of course, on the imits 
in which it is e^reesed. The beat may be given in calories, in 
British Thermal Units (E. T. U.), or in any other energy or work 
unit, while the amount of fuel may be either by weight, by volume, 
or even by cost. The heat of combustion is to be found in this 
experiment for ordinary illuminating gas, and in the second part of 
the experiment, the efficiency of an ordinary sort of cooking appa- 
ratus is to be tested. 

Apparatus. The calorimeter is of a special type, supplied with 
a continuous flow of water. The hot gases resulting from the flame 
pass out through pipes surroimded with water, where they give up 
their heat. The rate of gas flow is measured by a special type of 
gauge, in which the motion of an indicator on a scale furnishes 
directly the number of " cubic feet per hour " of gas which is being 
consumed. In the second part of the experiment a small gas stove 
and a cookii^ vessel are furnished. Appropriate thermometers 
are supplied for both parts. 

Method. First part. Arrange a small but steady flow of water 
through the calorimeter, and a steady gas flame, burning blue with- 
out any white in it. Put the burner under the calorimeter, but not 
before the water is started. Adjust the gas current by the gauge 
at 4 or 5 cubic feet per hour, and keep it constant at the chosen 
point thereafter. Note the readings of the inlet and outlet ther- 
mometers of the calorimeter, and wait until these temperatures 
have become steady. Then read both thermometers to the smallest 
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fraction of a degree that is possible. At the same time catch the 
watef stream in a vessel (previously weighed) for a measured time 
interval — time enough nearly to fill the vessel; weigh the water 
in the vessel, and hence find the quantity oF water fiowing through 
the calorimeter per second. 

Calculate the heat received (in calories) by this water per second, 
taid from this find the heat of combustioa of the gas in calories per 
cubic foot, and also in calories per cent, assuming the gas to cost 
$1.00 per 1000 cubic feet. 

Second Part. As a test of a common type of cooldiig vessel, and 
of a gas stove, put a pint or so of water in the vessel, weigh it, and 
heat it with a measured fuel supply for a measured time. It should 
be warmed through 50 or 60 degrees. The useful heat for cooking 
purposes is merely that which goes into the water, so that no al- 
lowance need be made for the heat absorbed by the vessel itself. 

Calculate the heat received by the water in this time, and also 
the heat given out by the gas consumed (using data from First 
Part) and hence find the efficiency of the cooking outfit. 



22. HEAT CONDUCTIVITY OF COPPER 

Object. To measure the heat conductivity of copper. 

Apparatus. A copper bar, imbedded in heat-insulating mate- 
rial, except at its ends, one of which is heated by steam, and the 
other cooled by running water; thermometers; gauge for indicat- 
ing the rate of fiow of the water; steam apparatus. 

Method. Different materials have different powers of conduct- 
ii^ heat. In order to compare these, a coefficient is determined for 
each, whichiscalled the heatconductivity; it expresses the amount 
of heat, in calories, transmitted in one second across a plate 1 cm. 
thick, and having a face of i sq. cm. area, when the opposite faces 
differ by 1° C in temperature. If tiiis coefficient be called k; and 
if the ends of a bar of the material are kept at different tempera- 
tiues, h and ti then a quantity of heat Q will be transmitted through 
the bar per second such that 

where A is the area of cross-section of the bar, and d is its length. 
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In this apparatus, a bar of copper ia used, whose diameter ia 3,80 
cm., and there is a length between the thermometers of 20.3 cm. 
The thermometers rest in little holes in the copper bar. One end 
of the bar is heated by steam, and the other is cooled by running 
water. The temperature of the running water can be measured as 
it enters the apparatus, and again as it leaves, using for this pur- 
pose two rather sensitive thermometers. The stream is to be kept 
constant. No particular rate of flow, is required, but the inlet and 
outlet temperatures should differ by not less than two degrees, nor 
more than five. 

The steam apparatus must be supplied with plenty of water, 
and then heated. After steam has begun to flow into the conduc- 
tivity apparatus, the water stream is to be started, and thereafter 
kept constant. The rate of flow is to be measured by catching a 
quantity of water in a. vessel and weighing it, allowing it to flow 
into the vessel for a measured time. This should be done more 
than once. Hence the number of grams of water flowing through 
the appfiratus per second is obtained. The mlet and outlet ther- 
mometers give two temperatures, the difference of which enables 
us to calculate the quantity of heat flowing into the hot end of the 
bar per second. 

The other two thermometers must be read at the same time, 
after the flow of heat has become steady, and these give U and d in 
the formula above. Hence all the quantities above are known, and 
the conductivity may be calculated. 

If there is time, all the measurements should be repeated, using 
a different rate of flow of water. Average the two values obtained 
fori. 

What causes for error should affect the accuracy of the result, 
and will the result be likely to be too high on this account, or too 
low? 

23. EXPANSION OF LIQUIDS 

Object, (a) To measure the expansion of mercury, and (b) to 
study the changes in volume of a quantity of water through a range 
of temperature from (fCto about 10° C. 

Apparatus, (a) Two tall tubes containing mercury, connected 
at the bottom, one heated by a current of steam, the other kept 
near room temperature by circulating water; thermometer; level. 
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(b) An ordinary mercury thermometer, and another one like it, 
exceptthat the mercury has been replaced by water; can; cracked 
ice, or snow; stirrer. 

Me&od. (a) If two different liquids, which do not mix, are con- 
nected together in a U-tube, they will stand at different levels in 
the two sides, since a longer column of the lighter liquid is required 
to balance the heavier. The lengths of the two columns will be in 
the ratio of the volumes of tb6 liquids per gram, or the inverse ratio 
of their densities. In this experiment, the two liquids are each 
mercury, but at different temperatures, and the warmer column is 
the lighter. If L and V are the length and volume respectively of 
the cold column, and L + I and V + v corresponding tenns for the 
hot, then 

L+l V+v I V 

If the difference in temperature is / degrees, the coefficient of ex- 
pansion is vfVt, which is the same as the increase in volume of 
1 cc. of the liquid when it rises 1° in temperature. To measure this 
coefficient, we must get I, L, and t. 

L may be measured with sufficient accuracy by means of a meter 
bar, from the middle of the connectuig tube at the bottom, to the 
top of the surface of the cold column. The difference in tempera- 
ture is readily found, the temperature of the steam being taken 
from a table of boiling points, after the barometric height has been 
measured. The temperature of the cold column is to be measured 
by lowerii^ a thermometer into the mercury from the top. The 
increase in height, I, is found by means of a couple of moving 
pieces near the upper surface of each tube. These carry forked 
extensions which partly enclose the mercury tubes, and by mov- 
ing these up or down, the front and rear branches of the fork may 
be brought exactly in line with the top of the mercury surface 
inside the tube. This is to be done on each side, but, note that the 
holder which carries these forked pieces must be kept level, and has 
an adjustii^ screw for this purpose. When both markers have 
been properly set, the vernier attached to one of them is to be read 
against the scale held by the other. The reading is to be obtained 
^ter the heating has continued so long that the mercury column 
has ceased to expand; it gives the expansion / needed for the 
calculation of the coefficient. 
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In the report on this experiment, explain clearly why the ex- 
pansion of mercury could not be obtained as accurately, and more 
easily, by having only one tube, closed at the bottom, and measur- 
ing the change in height of the mercury in it. 

(b) The change of volume of the water in the thermometer 
alters the height of the thread of water in the stem. These changes 
would indicate real changes in volume in the water, if it were not 
for the fact that the glass also expands. If* the rate of expansion of 
the water and the glass were equal and opposite, evidently no 
change would occur in the height of the water column. This will be 
found to be the case at one particular temperature, but at no others. 
To allow for the expansion of the glass, and obtain that of the water 
alone, we treat the observations in the manner explained below. 

The necessary measurements consist merely of simultaneous 
readings of the two thermometers at about ten intervals between 
0° C to 10° C. For 0° C, make up a dish of ice-water consisting 
chiefiy of ice, and leave the two thermometers in it long enough to 
make sure that their temperature is uniform and steady. For the 
higher temperatures, remove the ice, and stir vigorously, so as to 
keep the temperature uniform throi^hout the vessel. See that the 
temperature is changing very slowly, if at all, when readings are 
being taJcen. Add small quantities of ice (and stir) if necessary to 
prevent rapid chaises. 

The results are to be plotted as a ciu*ve showing how the readii^ 
on the water therinometer changed with the temperature. If the 
mercury thermometer did not read zero when in melting ice, its 
reading then is an error, and is to be applied as a correction to all 
other temperatiu^ readings. This curve shows the difference in 
expansion between water and glass, that of glass being practically 
constant throughout. When the water thermometer was first made 
it was filled with mercury and then graduated. Since the coeffi- 
cient of expansion of mercury is .000181, and of glass ,000025, the 
difference, or .000156, represents the relative coefficient of mercury 
and glass, and this means that the apparent increase in the volume 
of the mercury tor each degree is this fraction of its total volume. 
The volume of the fine capillary tube contained in the space be- 
tween two degree marks will be called the volume of one degree- 
division, and denoted by v. If the volume of the bulb at 0° C is V, 
then the above statement means that 
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- Suppose that the volume of the glasa bulb (V) is just equal to 
that of the water when the temperature is 0°. Then at 1°C the 
volume of the bulb will have become V + ,000025F, and the 
apparent volume of the water will be too small (because the ex- 
pansion of the bulb has let the water down into it) by an amount 
.000025F. But, the volume of one df^ree-division is .000156F. 
Hence, if we forrect the observed position of the water surface at 
■Q00025 
' .000156 ^ 

we shall obtain what would have been the Iwight of water in the 
tube, if the glass had remained unchanged in yolume. Similarly, at 
2°C we must add to the observed water height an amount 2 X -16 
of a degree-division; or at f C, add f X .16 d^jree-divisions. To 
do this properly, we sboUd first draw our observed curve as 
smoothly as possible, using a fine sharp pencil point, and then 
take off from this curve the water readings corresponding exactly 
to each degree of temperature. Add to these 'the necessary cor- 
rections, and replot the new values on the same sheet. Draw a 
second smooth curve through these points. 

From the second curve, deduce the temperature at which water 
has its eieatest density. 



SECTION in. SOUND 

30. PITCH BY THE MONOCHORD 

Introductory Remarks. Both from a physical aod a musical 
standpoint the pitch of a note is its most important characteristic, 
and depends upon the number of vibrations per second. If the 
sounding body is a stretched wire (or string), the number of vibra- 
tions per second, when the wire is plucked transversely, depends 
upon its mass, its length, and the tension with which it is stretched, 
and can be expressed exactly by a formula involving these quanti- 
ties. The vibration of a string, therefore, furnishes a very accurate 
and convenient method of determining the pitch of a note. 

A series of eight notes whose pitch numbers bear to each other 
certain simple ratios forms the musical scale. These ratios deter- 
mine what axe called the musical intervals of the notes. When the 
musical interval of two notes is simple, that is, when the ratio of 
the pitch numbers is a simple ratio, as 2 : 1 or 4 : 3, etc., the notes, 
when sounded t<^ether, give a pleasant sensation, and are said to be 
in harmony or in accord. The eight notes constituting the scale 
are denoted, beginning with the lowest, by the letters C, D, E, F, 
0, A, B, e. The musical interval of the eighth note to the first, 
c to C, is called an octave; the interval of the fifth to the first. 
G to C, is called the interval of a fifth; of EtoC, the interval of a 
third ; and so on. 

Object. The object of the following expraiment is to determine 
the pitch numbers of some of the notes in the musical scale, and to 
obtain the ratios correspondii^ to an octave, a fifth, and a fourth. 

Apparatus. The monochord, as shown in Fig. 25, will be used to 
determine the pitch numbers of four tuning forks, and consists 
essentially of a steel wire stretched over a resonating chamber. 
The wire passes over a movable fret and a right angle lever which 
rests in a y slot on the end of the box. The right an^e lever is 
shown enlarged in Fig. ^. On the end of the wire is a bag for 
holding weights. 
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A set of four tuning forks is provided, the pitch numbers of 
which form a major chord. 

Discus^on. If L denotes the length in centimeters of the vibrat- 
ii^ part of the wire, m the mass in grams of each centimeter, and t 
the tension expressed in dynes, then n, the number of complete 
vibrations per second, is given by the formula, 

Since L, t and m can be readily determined, n, the pitch of the note, 
can be calculated. 

In order, therefore, to measure the pitch of any note, it is only 
necessary to vary the lei^h of the monochord wire until the note 
and the sound from the vibrating wire are in unison. 

When two notes nearly, but not quite, in unison are sounding 
together, they at one moment re-enforce and at the next oppose each 




other; the sound is alternately loud and faint. These pulsations 
of the sound are technically called becUs, and furnish a mechanical 
method of ultimately seciu-ing unison. The beats cannot be 
detected until the wire and the fork are nearly in unison, but when 
once they are obtained, the length of the wire should be varied in 
such a direction as to make the beats succeed each other more and 
more slowly, until ultimately indistinguishable. If the fork Is not 
mounted on a resonant box, its sound may be greatly re-enforced 
by holding its shank on the monochord. In this case the beats 
may be felt by resting the fillers lightly on the box. 

Procedure and Results. Weigh a steel wire about a meter and a 
half long, measure its length, and calculate the mass m per centi- 
meter. Stretch it over the monochord by a load of eight or ten 
kilograms, and tune to unison with a tuning fork, varying the 
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length by means of the movable fret. When in unison, measure 
the length L of the vibratii^ part of the wire. Disturb the setting 
and make several independent determinations of the same length, 
and find their average. 

If the wire on the monochord is stretched over a right-angie lever 
(see Fig. 26), in order that the tension in the vibratii^ part of the 
wire may equal the load, it is necessary that the vertical and hori- 
zontal arms should be of equal length. They are, probably, nearly 
but not exactly of equal length. The error arising from slight 
inequality may be eliminated by using in the calculation of n the 
mean of the average of the length L as obtained above and th» 
average of several independent settii^ when the lever is turned 
over BO that the ann which was before horizontal is now vertical. 
When the longer arm of the lever is horizontal, the tension in the 
vibrating part is greater than the load; when, however, the longer 
arm is vertical, the tension is less. Care must be taken throughout 
the experiment that the lever does not rock so far forward or back- 
ward as to rest against, one of the shoulders of the recess in wiiich it 
plays. 

Calculate in dynes the tension with which the wire is stretched, 
Includii^ as part of the load the we^ht of the pad holding the . 
wei^ts. With the mean of the two averages of the length of the 
wire as determined above and the values of m and (, calculate the 
pitch number n. of the note emitted by the wire by means of the 
above formula. This will also be the pitch of the fork, since the 
two are in uniaon. 

Also determine the pitch of the same fork, using a different 
stretching load on the wire. 

The fork should be set in vibration by bowing, or by striking with 
a rubber hammer. If the fork is struck against a hard surface, it is 
liable to become worn and its pitch changed in consequence. 

Followii^ the method outlined above, determine the frequency 
of vibration, n, of each of the four notes, usii^ as a load about 8 to 
10 kilos. Having determined the pitch number of each, calculate 
the ratio expressing the musical interval between each note and the 
lowest note in the scale, C By an examination of these ratios, 
determine to what simple ratios of whole numbers the interval of 
the octave, the fifth and the fourth, may be reduced. In making 
the reduction, consider one vibration in the pitch numlier as a 
possible experimental error. 
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31. VELOCITY OF PROPAGATION OF SOUND 

Introductory Remarks. Sound is transmitted as longitudinal 
vibrations, with a definite velocity depending upon the elasticity 
and density of the medium. One method of measuring the veloc- 
ity of propagation of soimd is by means of the resonance tube, 
which is a device providing an adjustable column of air. The 
resonance tube method will be used in the followmg experiment, 
and the work is of interest, not entirely because of the results 
obtained, but because of the physical phenomena and principles 
fcvolved in the method. 

Object. The numerical result to' be obtained in the following 
experiment is the velocity of sound in air at CC, as determined by 
the resonance tube method. 

Apparatus. The resonance tube which is to be used consists 
of a brass tube about four feet long provided with a movable but 
tightly fittii^ piston. At least two tuning forks of different 
pitches will be used as sources of sound. 

Discus^on. One way of explaining the action of a closed 
resonance tube is as follows: Suppose a fork, whose pitch number is 
n, be caused to vibrate near the open end of the resonance tube. 
If now, starting with the piston near the open end, the length of 
the column of air be slowly increased, a position will be found for 
which the intensity of sound is greatly increased. This increase in 
sound results from the resonant vibration of the column of air. 
The impulse sent down the tube by the forward vibration of the 
fork, travels the length Li of the tube, and is reflected back in 
time to re-enforce the fork in its backward motion. Thus durii^ 
the forward motion of the fork, that is, during half a vibration, the 
sound travels twice the length of the tube, 2Li. The distance 
actually traveled by the impulse in going each way is a little greater 
than the length of the tube on account of the reflection from the 
sides and the spreading at the open end. The correction to be 
added is equal to nearly one quarter the diameter d of the tube. 

During half a vibration, therefore, the sound goes 2 ( Li + - J cen- 
timeters, and hence during n whole vibrations, or one second, the 
sound goes *" ( -^i + t ) centimeters; whence the velocity of 



sound in air at the temperature of the room is V = 4n[Li + ~), 

If the lei^th of the air column be still further increased, a second 
position of the piston will be found for which the soimd will be 
greatly re-enlorced. By reasoning similar to the above, it may be 
shown that the impulse now travels the length of the tube and back 
in time to re-enforce not the next, but the next but one backward 
motion of the fork. The sound, therefore, travels from the first 
resonance position of the diaphragm to the second resonance posi- 
tion and back agun to the first position during one vibration. Let 
this distance, over and back, be denoted by 2Li. During n vibra- 
tions, or one second, it would travel n times as far. The velocity 
of sound is therefore also given by the relation. 

V = 2nLt. 
In like manner, if the tube is long enough, a third, fourth, etc., 
position of the pbton can be found which will give resonance. 

For other intermediate positions of the diaphragm, slight reson- 
ance of the overtones of the fork may be obtained, but they can be 
distinguished by their h^her note. 

While the air in the longer resonance tube is vibrating with the 
fork, the waves reflected from the closed end of the tube interfere 
with the succeeding waves coming down the tube at the first posi- 
tion of the diaphragm, causing the air here to remain almost at 
rest. This point is called a node. The air in the rest of the tube 
is in vibration to and fro, at a maximum midway between the two 
positions of the diaphragm and at the open end. 

The velocity of sound in air is somewhat affected by the mobture 
present. The change in velocity of sound due to this will probably 
Dot amount to half of one per cent of the whole velocity. 

The method outlined above gives the velocity of sound at the 
temperature at which the observations were taken. The velocity 
of sound increases about 60 centimeters for every centigrade degree 
rise in temperature. The exact formula, givii^ the velocity of 
sound at 0°C, from the velocity at t degrees, is as follows: 
V, 
°" Vl + .00366*' 

Procedure. Obtain the lei^h of the air column for the first, 
second and, if possible, the thu-d positions of the piston which give 
maximum resonance. 
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In this experiment, as in several others, the settings for obtaining 
the data are somewhat indefinite. One setting m^ht, therefore, 
be far from the true value. It is consequently necessary to make 
many settings with the expectation that the average of many indefi- 
nite observations will have a much smaller error, tn this par- 
ticular case, at least 6 or 8 observations for each length should be 
made. . 

Furthermore, in making each obBervation a much better setting 
will be obtained if the piston be rather rapidly moved to and fro 
through the position of maximum resonance, diminishing the extent 
of the excur^ons each time, and finally settling down to what is 
thought to be the position which ^ves the maximum intensity of 
sound. 

Repeat the process outlined above for both of the forks. 

Record the temperature of the room and the inside diameter 
of the resonance tube. 

Results. 

1. Calculate the average velocity of sound at room temperature 
from the data for the first and second, and also for the second and 
third positions of the piston, for each fork. 

2. Reduce each of the above average velocities to the velocity 
at 0°C, and average these two values. 



SECTION IV. ELECTRICITY 

41. ELECTROSTATICS 

Object To study some of the phenomena of electric chaises. 

Ajtparatus. Electroscope with plate on top; Bmall extra plate 
to fit the electroscope; electrophorus, consisting of hard rubber 
base and metal plate with insulating handle; L^den jar; metal 
can on insulating base; mica; wire; fur; woolen cloth; silk; rods 
of hard rubber and glass. 

Method. Various simple experiments on electrostatics are to 
be performed as indicated in the sections below. Each experiment 
is to be carefully, though briefly, explained; simple sketches may 
be used to adv^itage to shorten the explanations. The sign of the 
chai^ on each part of the apparatus should be shown, and the 
process identified by which this charge was formed. 

(a) " Earth " the case of the electroscope by connecting it by a 
wire to the gas pipe and keep it so throughout the whole experi- 
ment". Charge the hard rubber rod by rubbing it with fur, at some 
distance from the electroscope, and then bring the rod near the 
plate, from above; then remove it. Two quit« different effects 
may occur, depending on bow highly charged the rod is, and how 
near it comes to the plate. Vary both these conditions widely, in- 
cluding as one case actually touching the rod to the plat« when 
feebly and when hj|^y charged. In each trial, the electroscope 
leaf is to be discharged at first. If this is not the case, a touch of 
the finger to the plate will dischat^ it. Describe what different 
things happen in all these cases, and why. In your explanation 
make use of the word "ion ". 

(6) Bring the charged rod about an inch above the (dischaiged) 
electroscope. Touch the plate with the firmer; then remove first 
the finger, then the rod. Describe and explain. 

(c) Leaving the electroscope charged, as in (h), charge a glass 
rod by rubbing it with silk, and approach it to the plate, watching 
the leaf. Describe and explain. Compare this with approaching 
the rubber rod, charged by fur. Compare also the effect obtained 
by rubbing the glass rod on fur, and testing it in the same manner. 
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(d) Charge a rod highly, and then pass it for a moment through 
the gases rising (say a foot) above the flame from s bunsen burner. 
Test the rod for charge. Recharge the rod highly, wipe thoroughly 
with the hand, and test for residual charge. 

(e) Rub the plate itself of the (discharged) electroscope with 
fur. Test the sign of the chai^ on the leaf by bringing up a 
charged rubber rod. 

(/) Place the can on its insulating base, and connect it by a wire 
with the plate of the electroscope. Put the fur inside the can, and 
rub it with the (discharged) hard rubber rod while it is there. 
Watch the leaf. Remove the rod and note the effect. Test the 
s^ of the charge on the leaf. Repeat, removing the fur instead of 
the rod. How does this experiment prove that equal quantities of 
opposite charges are produced by friction ? 

(g) Put a charge on the electroscope by induction, as in section 
(b). Lay a thin piece of mica on top of the plate. Holding the 
small extra plate in your hand, bring it down from above, keeping 
it parallel to the plate of the electroscope, and approaching it; let 
it finally rest on the mica. Watch the leaf during this process, and 
while the extra plate is lifted off again. In your explanation of this 
section, and of the one following, make use of the terms potential 
and capacity. 

{k) Connect the outer coating of the L^den jar to the gas pipe, 
and the inner to the plate of the electroscope. Place theelectro- 
phorus at some distance from the electroscope, and rub the hard 
rubber base plate of the electrophorus with fur, so as to charge it 
highly. Holding the upper plate of the electrophorus by its insulat- 
ii^ handle, bring it down on top of the base. Touch the upper 
plate a moment with the finger while it is there, and then lift the 
plate off and bring it up to the rod which is connected to the inner 
coating of the Leyden jar. Observe the deflection of the leaf after 
the spark has passed to the jar. Repeat this process, bringing up 
the charged electrophorus plate to the jar until the leaf rises no 
higher. Why does the spark cease to occur between the jar and 
plate ? How many times was it necessary to bring the charged 
plate to the jar before maximum deflection of the electroscope leaf 
was obtained ? Disconnect the electroscope from the jar, and deter- 
mine the number of times the charged electrophorus plate must 
be brought near the electroscope plate to produce maximum de- 
flection. 
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Is the charge on the baee of the electrophonis materially reduced 
by the use of this InstrunieDt ? Where does the energy come from 
which appears in the form of electric charge when the electrophonis 
is operated ? 

(i) Prepare a brief and compact summary in your report, givir^ 
a list of the facts or laws of static electricity which you have derived 
from this experiment. 

42. EQUIPOTENTIAL LINES AND LINES OF FLOW 
Flow or Electsicitt THRonoH Extended Conductors 

tntioductorf Remuks. A current of electricity which paaaes througii a 
thin conducting sheet of metal or liquid qtreoda throughout the conductor, 
forming what ia termed a current sheet. The density of the electric current at 
different points in the conducting sheet is obviously difTereat; in general, the 
density being greatest in that region of the conductor which lies in the shortest 
path between the electrodes which lead the current into and out of the conduct- 
ing sheet. 

Two points in the conducting sheet are said to be at the same potential 
when no current will pass through a conductor, ss for instance a wire, which 
connects the two points outside the conducting sheet. The locus of all points 
at the same potential is called an equipotential line. 

A Ime ojfiovi ia a fine representing the complete path of a filament of current 
as it passes from one electrode to the other. The direction of the lines of flow, 
therefore, shows the direction of the current at every point in the conducting 

A few general propositions may now be stated. 

(1) Since the potential changea most rapidly in the direction perpendicular 
to the equipotential lines, and since the current will always flow in the direc- 
tion of greatest change in potential, the equipotential lines are everywhere 
perpendicular to the lines of flow. 

(2) In those i^ons where the equipotential lines are nearest together, the 
rate of change of potential with distance is greateet and the current density is 



(3) At the boundary between the conductor and an insulating medium the 
hikes of flow are parallel to the boundary line, and hence the equipotential lines 
are perpendicular to the boundary. 

(4) If any part of the conducting sheet has a different conductivity, pro- 
duced, for instance, by a greater or less thickness of the sheet, or by the pres- 
ence of another material of different resistance, the Imes of flow and the 
equipotential lines will be distorted. 

(5} If any part of the conducting sj'stem has a n^Iigibly small resistance 
compated with the resistance of the rest, there is no chu^ge in potential 
throughout the better conductor, and the boundary lines are equipotential. 
Consequently, the lines of flow meet normally the boundary between the a»> 
nuned perfect conductor and the surrounding ccmdueting sheet. 
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The above laws may be extended practically without change to three dimen- 
sional probleme in current flow. Furthermore, if the lines of forces in an elec- 
trostatic field about charged conductora, or in a magnetic field about magnetic 
poles, be mapped out, the drawing would appear exactly nmilar to the lines 
of flow about a like configuration in the flow problem. The lines of force 
and the equipot«ntial lines or surfaces for the electrostatic and magnetic fields 
will likewise conform to the general laws given above. 

He maps obtained in this experiment for various cases of current flow are of 
conmderable theoretical interest. Furthermore, there are many times in prac- 
tice where the knowledge of the flow of earth currents, the field of force about 
dynamo fields, etc., are of great importance, and the experience gained in per- 
forming an experiment such as this raiables one to predict to some extent the 
results in any particular problem. 

Object The object of this experiment is to ^ve a general 
knowledge of the laws governing the flow of current through 
extended conductors. 

Apparatus. The conducting sheet in this experiment is a thm 
■ sheet of water contained in a square tray, which has on its bottom 
a coordinate system in order that the points may be read off and 
transferred to another similar sheet of coordinate paper. An inter- 
mittent or alternating current of a frequency of several hundred per 
second is caused to flow through the conducting sheet. This cur- 
rent may be obtained by means of an induction coil, a small 
alternator of 50 to 100 volts, or by interrupting the current from 
the 110 volt direct current line after passing through a high resis- 
tance which serves to protect the apparatus. Electrodes for lead- 
ing the current into and out of the water, are provided, and may 
be placed at any point in the tray. Variously shaped conductors 
and insulators may be used for m firing up several configurations. 
A telephone receiver and exploring electrodes are provided for 
finding the points which are at the same potential. 

Procedure. Fill the tray to a depth of about 1/4 inch of water 
contfdnii^ a trace of salt, and level carefully. Connect the source 
of current to the electrodes provided for the purpose, hereafter 
called "current electrodes." Connect one terminal of the telephone 
receiver to an electrode to be used as the stationary exploring elec- 
trode, and the other terminal to the movable exploring electrode. 

Case 1, Place the two current electrodes at two symmetrically 
opposite points on the principal axis of the conductii^ sheet as, for 
instance, at + 8 and — 8, Place the stationary exploring electrode 
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at say + 7, and with the movable exploring electrode determine, by 
noting at what points there is silence in the receiver, enough points 
on the equipotential line to enable the complete curve to be drawn. 
In this way, determine the equipotential lines which pass through 
the points +6, down to on the horizontal axis. Since this par- 
ticular arrai^ement is symmetrical, the other half of the map need 
not be experimentally determined. It may be necessary, in order 
to determine completely the shape of the field at every point, to 
obtain more equipotential lines than are suggested above. 

More complicated cases may now be arranged by using variously 
shaped conductors instead of points for electrodes, and by placing 
between the electrodes bars or rings of metal, or insulators. There 
follow several suggested cases which have either theoretical or 
practical application, but the student is at liberty to make up cases 
of his own. For a two-hour laboratory period it is suggested that 
two cases be studied (a) with no obstruction between the current 
electrodes, (ft) with a metal bar laid down synunetrically, but at 45" 
to the line between the current electrodes. 

If there is time, one or more of the following cases should also be 
. investigated. 

(1) Arrange a closed ring of metal between two point elec- 
trodes, or between a point and a bar electrode, or between two 
parallel bar electrodes. The inside of the ring should also be 
explored. This case illustrates the shieldmg action of a complete 
conducting surface for the region inside, a principle of great impor- 
tance in protecting galvanometers and electrostatic instruments 
from outside magnetic and electrostatic fields, respectively. 

(2) Substitute an insulating ring or disk for the conductii^ 
ring in (1). 

(3) Place two ring electrodes of different sizes at symmetrical 
points on the axis. Show that the equipotential lines and lines of 
flow (lines of force), outside the rii^, are the same as for two point 
electrodes placed at definite points inside the rings. 

(4) Place one point electrode inside a metallic ring between the 
center and circumference. Place the other point electrode outside 
about 5 cm. from the side of the ring in a direction farthest from 
the first point electrode. 

(5) Place a ring, from which a piece has been cut, on the axis 
between point electrodes, the hole in the ring facing and rather 
near to one electrode. 
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Results. The results cotnpriae maps for as many cases as can be 
done, showing the equipotential lines and lines of flow. The maps 
obtained are to be used in verifying the general proposition given 
in the introductory remarks. Conclusions and remarks should be 
recorded. 

The maps should be drawn on ordinary cross-section paper on 
half the scale of the ordinal measurements, and should be complete, 
i. e., should show the entire tray, and the arrangement of equipo- 
tential lines and lines of flow in it for each ease. 

Galvanometers and Ammeters 
Galvanomelere are inatrumeats for detecting smaU currents of electricity, 

and may or may not be used to measure the strength of the current. 

Ammelen are leas sen^tive galvanometers made in portable form and used 

to measure the strength (^ the current passing through the instrument. 

Since galvanometers and ammeters will be used in many of the following 

experiments, a brief description of their construction is given below. 

The effect which causes the deflection in practically all galvanometers is the 

force exert«d between one or more wires carrying a current and a magnetic 
field. There ore two main types of galvanometns 
according to whether the magnet which supplies the 
field, or the coil carrying the current, is the moving 
Bystem. 

In the first type or Tooiiing magnet form of gal- 
vanometer, a light magnetic needle is acted upon by 
the (nurent circulating in one or more stationatr coila 
of wire. The tangent galvanometer is of this type, 
and consists of a eingte short magnet suspended or 
pivoted at the cent«r of a large ring-shaped coil. 
Although insensitive, this instrument is useful for 
measuring a current in tenns of tiie angle of deflec- 
tion, the dimensions of the instrument, and the 
strength of the earth's magnetic field. Such an in- 
strument is used as a primary instrument for deter- 
mining absolutely the value d an unknown current, 
and is never used solely as a detecting instrument. 
If the coils of wire are brought very near to the needle 
and are wound with many turns of fine wire, the 
moving needle instrument can be made the most 
sensitive of any type. This form (rf instrument is 
often ca'led a Thomson galvanometer. 

The mimng aril or d'Argomiai gidvatunneter ia the 
most common type and consists essentially of a coil 

of fine wire pivoted or suspended in a powerful magnetic field. In the most 

sensitive instruments, the coil is suspended by a very fine wire or ribbon of 

metal, which also serves to lead the current into the coil, the cunent leaving 
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the coil by a. spiral wire or ribbon below. Fig. 27 shows one form of the 
d'Aisonval galvanometer used in the laboratory. ' 

The rotation of -the moving eyatem of the sensitive galvanometers is meas- 
ured by me&ns of a telescope which views the image of a atationary scale 
reflected in a small mirror attached to the moving sjrstem of the instrument. 

Most ammeters are forms of d'Arsonval galvanometers made for rough 
portable use. The moving coil is usually pivoted and controlled by means of 
two spiral halr«pringB, wliich also serve as electrical connections to the coil. 
A fine pointer carried by the coil takes the place of the mirror and scale. 

43. RESISTANCE BY WHEATSTONE BRIDGE 

Read section on Galvanometers and Ammeters. 

iQtrodtictoiy Renuiks. Electrical resistance is one of the most 
important of the data used in the solution of ail lands of electrical 
problems. A knowledge of tjie methods of determining this 
factor is, therefore, of certain practical interest. 

The measurement of the resistance of an electrical device or 
circuit may be accomplished in three ways. The first way of 
measuring the resistance is by the use of Ohm's law. If the cur- 
rent in the resistance and the difference of potential across the 
terminals of the resistance to be determined, be measured by 
means of an ammeter and a voltmeter, respectively, the resistance 
can then be calculated. The second method consists in measuring 
the current in the circuit under test, and the amount of heat pro- 
duced by the current. Since Heat = I'Rt, the R can be calculated. 
This method is evidently of very limited application. The third, 
and by far the most accurate, method of measuring resistance 
is by means of some form of bridge. There are two distinct forms 
of the bridge, namely: the slide-wire bridge and the box form. 
The underlying principles are the same in both. 

Object. The primary object of this experiment is to give prac- 
tice in the use of the Wheatstone bridge. The bridge will be 
used for the measurement of several resistances singly, and in 
parallel, and the accuracy of the latter will be checked by calcula- 
tion of the parallel resistance of each combination from the smgle 
resistances. 

Apparatus. The apparatus for this experiment comprises a 
slide-wire bridge, a sensitive galvanometer, a double key, and a 
dry ceU. Several numbered resbtances will be supplied for use 
with the bridge. 
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Principle of the Bbii>oe 
If part of a circuit canying a current is divided, tbsre is-a oontinuous fall <rf 
potential on both branehee from the point at which they separate to the point 
at which they reunite. For every point on one branch a corresponding point 
on the other may be found having the same potential. If two such points 
m and n (see'ilg. 28} be connected by a wire, no current will flow, and if in this 
circuit a galvanometer be inserted, its needle will not be deflected. Denote 
the reaiBtance of the various parte by the letters a, b, x, and r. By Ohm's law, 
the current in any part is equal to the difference of potential divided by the 
retdstance, and as no cuireat is carried off by the cros^wire, the current in 6 is 
equal to that in a; hence 

the fall of potential in a the fall of pot«atial in h 



or the fall of potential in a a 

the fall of potential in 5 6 
Similarly in the other branch, the current in r ia the same aainx, and hence 

the fall c^ potential in x x 

the fall of potential in r r 
Since m and n are at the same potential, the fall in a is equal to the fall in x, 
and the fall in 6 equalti the fall in r. Hence the finrt members (rf the last two 
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equations are equal numerator to numerator and denominator to denominator. 
The second membeife are therefore equal, living 



If the reastance r and ttie ratio - are known, x can be calculated. In deter- 
mining the value of aa unknown redstance by means of a bridge, either the 
ratio - or the standard reeiatance r must be varied until the above relation is 

fulfilled. 

The slide-wire bridge shown in Fig. 29 makes use of the first method of 
obtuning balance. The branches a and b are the two parts of a uniform 
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. Btraight wire, the ratio (A the lengths of which can be vaiied by a sliding con- 
tact. Since the resistaiioe of & wire ia proportional to its length, the ratio of 
the lengths of a and b ia equal to the ratio of their reeistanees. The resistance 
of r is the standard in terms of which the unknown is measured and is usually 
TSiiable. A certain amount of adjustment of r is necessary because the highest 
accuracy of measurement is realized when tlie balance point is near the middle 
of the glide wire. Theslide-wirebridgeisparticularlyadapted to themeaauje- 
ment of low resistanoes. 

In the bos form of bridge, used in the next experiment, the ratio a to 6 is 
d^nitely fixed by knows resistances to any desired ratio, 1 to 10, 1 to 100, or 
1 to 1000 at pleasure, and the resistance r is then varied until balance is i^- 
tained. The variable part r of the bridge is usually adjustable in steps of one 

ohm from 1 to 10,000 or more, and by the proper choice of the ratio -- Miy 

resistance either high or low can be measured. The box bridge is, however, 
especially adapted to the measurement of high registanoee. 

Box bridges vary greatly in the grouping of their resistance coils; but, by 
first drawing a diagram of the ideal bridge, as above, and also of the redstance 
box, we may proceed as follows to complete the connections. Choose for a 
and 6 that portion of the box, the coils of which progress decimally, 1, 10, 100, 
etc., and for r usually the remainder of the box having the ^^ateat range and 
capable of the most gradual variation. Consult before each step the ideal 
diagram. Fig. 2S; a and b, if not already connected, should be joined by a plug 
if possible, if not by a short heavy strip of copper; join one end of r to 6; 
to the other end of r join x, and the other end of z to a; where a and b join, 
attach one terminal of the battery, and proceeding in this way, complete the 
connections. 

When measuring a resistance, the approximate value of which is not even 
known, always start with a ratio of 10 to 10, never 1 to 1, and then determine 
what resistance, when unplugged in the rheostat or variable part of the bridge, 
gives an approximate balance. This unplu^ed resistance is, of course, the 
approximate resistance of the unknown. Now choose the ratio reeistanees so 
that the unplugged resistance in the variable part will give a sufficient number 
of figures to secure the desired accuracy. An accuracy of 1/10% should be 
aimed for. As an example, suppose the unknown resistance were found, by 
the first teat, to be about 170 ohms. In order to give the desired accuracy, the 
resistance unplu^ed in the variable part of the bridge should be in the thou- 
sands, thereby giving at least four figures in the result. That is, the ratio 
should be 10 to 100 in this case, and the variable reustance might be found to be 
1734 ohms. If necessary, interpolate. It is clear that the ratio may be eithra" 
1 to 10, 10 to 100, or 100 to 1000. The latter ratio is by far better because the 
grealMt sensitiveness of the bridge is obtained when the resislaneee of all t^ the 
droncAes, indudirtg the galvaru/meter Tetistance, are as nearly equal aa poas^le. 

The following points relate to the use of any form of bridge. The galva- 
nometer and battery cireuits should each contain a key. The battery key 
should always be depressed before the galvanometer key. Very often these 
keys are mounted one under the other so that one motion closes both keys in 
the proDer order. The galvanometer and battery can always be interchanged. 
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but it can be shown that the beet an-angement is tliat in which the galvan- 
ometer connects the junction of the two highest redatancee to the junction of 
the two ktweet. These coaditions are usuaUjr fulfilled, in the case of the box 
bridge, when the batt«iy leads connect to the junction of a and b, and the 
junctitm of X and r. One cell is sufficient for lue with the bridge. The con- 
nections to the unknown resistance should be made ea short as possible, and 
firmly made with heavy wire in order not to introduce any appreciable 
amount of extra resistance. 

When ufiiDg the bos bridge, the plugs remaining in the. bridge should be 
firmly inserted to minimize plug resistance. The plugs should be ui^ed inward 
with a slight tumizig motion, but, on finJHhing with the bridge; the strain on the 
plugs and the cover should be relieved by loosening all plugs. It is not neces- 
sary to use great force in inserting the plugs. The unused plugs should be 
placed on a clean piece t£ paper to avoid the danger of dirt m mercury getting 
on the pli^E surfaces. 

Under no conditions should a box bridge be connected to any source of 
electricity other than the one Of two cells with which it is to be used. A current 
larger than 1/10 ampere should never pass through the resistance coils. In 
order to avoid this danger, even with the weak source of current used with the 
bridge, it is a good plan to unplug several ohms in the three parts of the bridge 
before closing the battery circuit. 

Method. Coimect up the slide-wire bridge, using & resistance 
box as the known reelstance r. The double key should be so con- 
nected that the battery circuit i^ closed first. Measure the resist- 
ance of one of the unknowns. To correct, in part, for contact 
resistance at the ends of the meter wire, interchange the known 
and unknown resistances, and repeat the measurement. Take the 
mean of the two measurements. 

Repeat the above measurements using another unknown resist- 

Measiu'e with care the resistance of the same two unknowns in 
parallel, and also in series. Compare these results with the values 
for these combinations which are obtained by calculation from the 
separate resistances. 

44. FAULT FINDING IN ARTIFICUL LINES 

Introductory Remarks. Electrical circuits very often become 
grounded or short-circuited at some unknown points hidden-from 
view and, therefore, impossible to locate directly. This is true of 
circuits in electrical apparatus, of telephone and telegraph lines, 
of lighting circuits, etc. It is, therefore, very desirable to have 
some electrical means for determining the kind and position of the 
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fault. The simplest and most convenient method of accomplish- 
ing this piupose is by redstance measurements at the two ends of 
the circuit. Certain common types of faults can be located in this 
manner, as will be made clear by the following experiment. 

Object. The box form of Wheatstone bridge will be used in this 
experiments to illustrate the method of locating three common 
kinds of faults on lines. Exercise 43 contains a description of the 
box bridge. 

apparatus. Two boxes containing artificial lines each possess- 
ing a certain kind of fault, or combination of faults, are provided 
for t«st. Each line consists of two manganin wires of the same 
length, wound on a spool and enclosed in a box. The wires start at 



two binding posts at one end of the box and terminate in two bind- 
ing posts, at the other end of the box. The ends of a single wire may 
or may not terminate in opposite binding posts. The total length of 
line, i. e,, of .one wire, is given on the box. 

The type of fault is not given, but the three types provided are 
shown in Fig. 30. The first represents a single short circuit of zero 
resistance, the second two such short circuits, ajid the third repre- 
sents a connection between the lines which has resistance. 

In addition to the above artificial lines, a box form of Wheatstone 
bridge, galvanometer, and cell are required. 

Procedure. The method of obtaining the results should be 
carefully planned before beginnii^ the experimental work. Meas- 
ure all resistances necessary to completely determine the kind, 
the resistance, and the distance from the ends of the line of each 
fault. 

Results. Calculate the position and kind of each fault, and 
show the method of obtaining the results. 
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It should be borne in mind that, in any actual case where the ends 
of the line are far separated, the resistance measurements would of 
necessity be made with no additional cotmection between ends. 
The actual cases would be solvable, however, provided the resis- 
tance of the ungrounded line were known. 

45. SENSITIVENESS AND CALIBRATION OF' A 
GALVANOMETER 

Read the section on Gahranometera and Ammeters. 

Introductory Remarks. Galvanometers are often used merely 
as current detectors. It is, however, of interest to know how 
sensitive the instrument is, i. e., to how small a current it will re- 
spond. The sensitiveness of reflecting instruments is usually stated 
as the ciurent in amperes which will give & one millimeter deSection 
when the scale is one meter from the mirror. If the galvanometer 
possesses only a pointer, the sensitiveness is the current in amperes 
which will give a deflection of one scale division. 

Galvanometers are very often used as ammetera to measure the 
strength of small currents. In this event it is necessary to cali- 
• brate the instrument, i. e., determine the currents which corre- 
spond to its readings. The results are usually expressed by means 
of a graph showing the deflections for various currents. 

Object. The purpose of this experiment is to ilhistrate the 
manner in which a galvanometer is calibrated and its sensitive- 
ness determined, and to ^ve practice in the method of obtainii^ 
these results. The process will be applied to two galvan- 
ometers. 

Ai^aratus. A small portable galvanometer and a sensitive 
reflecting instrument ^re provided for test and calibration. A 
slide-wire, consisting of a high resistance wire stretched along 
a meter rod and provided with a slidii^ contact, a Wheatstone 
bri(^ of the box form, and a cell of known voltage are pro- 
vided. 

Discussion. The only difficulty in cahbrating a sensitive 
galvanometer is in obtaining a sufficiently small but known current. 
Tie method is baaed solely upon Ohm's Law. 
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Let G represent the resistance of the galvanometer, R the resis- 
tance unplugged from the Wheatstone bridge used as a plain resis- 
tance box, r the resbtance per centimeter lei^h of the slide-wire, 
and E the known voltage of the cell. If the connections are made 
as shown in Fig, 31, where oi represents the slide-wire, the ciurent 
throi^h the galvanometer can be made to have any value from 
zero to a current many times larger than is required for the experi- 
ment by changing the value of R and the position of the slider. 
The resistance R should be as large as possible in order that the 
current drawn from the cell may be small. If lie the distance in 
centimeters from a to the slider, then the current through the 
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galvanometer is easily shown to be given by the following expres- 
sion: 

Efr 

^o" R{lr + G)+Glr' 

If the term Ir can be shown to be negligible in comparison with G, 
the above expression reduces to 

Elr 
^o'G(R + Ir) ' 

Further, if ir is n^igible as compared to R, the current through the 
galvanometer is given by the still simpler expresMon, 
Elr 



Procedure. Measure the resistance of the slide-wire by means 
of the Wheatstone bridge and portable galvanometer. It would 
be well not to use the standard cell for the bridge work. 

The reMStance of each galvanometer is next to be measured. 
This can be done in the usual mwiner by uenng the galvanometer 
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not being measured for the bridge instrument. Care should be 
taken that too much current is not sent through the instru- 
ments. 

Connect the apparatus as shown in Fig. 31, using first the port- 
able galvanometer. Cause the instrument to read zero by adjust- 
ing the knurled bead on the top of the box. 

Record all necessary data for obt^nii^ the complete calibration 
curve by the method outlined above. Each new adjustment 
should be made so that the 'galvanometer moves by just one 
division. 

In the same manner obtain the data for the calibration curve 
of the reflecting d'Arsonval instrument. Record the distance of 
the scale from the mirror. 

Results. Show the derivation of the fonnulae given in the 



Calculate the current for each of the adjustments recorded, and 
plot the results for each instrument in a curve, for which the 
ordinates represent true current through the instrument, and the 
abscissae the correspondii^ readings of the instrument. One of 
the simpler formulae may be used if justifiable from point of view 
of accuracy. 

From each curve, derive and state the senutjveness of each 
instrument. 

46. ELECTROLYSIS 

Lktroductoiy Remarks. The practical unit of quantity of elec- 
tricity is the coulomb. The rate at which electricity is transferred 
or flows along a conductor determines the strength of current 
which is measured in amperes. An ampere is a currerU flowing at 
the rate of one coulomb per second. If the current is perfectly 
steady, then the current / is equal to the quantity Q which flows in 
the interval of time t, divided by t. The total quantity of elec- 
tricity transferred through a conductor is equal to the current 
times the time, provided the current remains constant. 

An ammeter is an instrument for measuring the strength of a 
current of electricity, and if the current strength remains constant 
for a certain interval of time, then the ammeter reading multi- 
plied by the time gives the number of coulombs which have 
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flowed. Id this way the ammeter can be used to measure quantity . 
of electricity. 

■ When a current of electricity passes throu^ some aqueous 
solutions the latter are decomposed. This process is called dedrd- 
ysis, and the solution thus decomposed is termed an electrolyte. 
The products of decomposition usually appear at the electrodes 
which conduct the current into and out of the solution. If the 
electrolyte is an acid, hydrogen appears at the cathode or the ter- 
minal by which the current leaves the solution. If the electrolyte 
is a solution of a metallic salt, the metal is often deposited on the 
cathode. 

The amount of material liberated depends directly upon the 
quantity of charge transferred. The volume of hydrc^en, under 
standard conditions of pressure and temperature, which is liber- 
ated by one coulomb of electricity, and the weight of copper and 
silver deposited under certain specific conditions by the unit 
quantity of electricity, have been very accurately determined. 
With these constaDts, the electrolysis cell or voltameter may be 
used to determine the strength of an unknown current. In the 
early, days of electric lighting, electrolysis cells, known as coulomb- 
meters, were installed in the houses to measure the consumption of 
electricity. The most important application of the voltameter is its 
use in calibrating an ammeter or other current measuring device. 

Object. The object of this experiment is to determine the 
electro-chemical equivalent of copper and of hydrogen. 

Apparatus. The gas voltameter consists of two vertical tubes 
graduated in cubic centimeters, closed with stopcocks at their 
upper ends, and joined together below. A platinum electrode is 
sealed into each tube at its lower part. The apparatus is filled with 
dilute sulphuric acid by means of a standpipe. 

The copper vdtameter, as used in this experiment, consists of a 
thin sheet of copper, 4x6 cms. in dimensions, hung on the spring 
of a Joly balance between two copper anodes. Means are pro- 
vided for making an electrical connection with the suspended plate, 
which is to be the cathode or gain plate. 

Current is derived from a set of storage cells. An adjustable 
resistance for regulating the current and a one-ampere ammeter 
are provided. 
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DiscusdoD. The weight in gramfi of substance deposited or aet 
free by a quaDtity of electricity Q coulombs, or by the constant 
current of I amperes Sowing for the time t seconds, is 

W= KQ = K I t, 

where K is the electro-chemical equivalent, or the number of grams 
of substance eleetrolyzed by one coulomb. If one of the products of 
electrolysis is a gas, as hydrogen for instance, it is much easier to 
measure the amount liberated in terms of its volume. The above 
formula may then be stated 

V = K'Q= K' It 

where V is the number of cubic centimeters of gas set free at 76 cms. 
pressure and C, and K' is the voliime of gas set free under stand- 
ard conditions by one coulomb. 

For accurate results with the hydrogen voltameter the electrolyte 
should be a chemically pure 10% solution of sulphuric acid. Dis- 
tilled water should be used in mixing the solution. 

The copper voltameter should be arranged to have a certain 
concentration of electrolyte, temperature, and current density per 
square centimeter of cathode surface. The electrolyte should be ». 
one half saturated solution of copper sulphate to which 1 % of sul- 
phuric acid has been added. The proper saturation is given by 
dissolving 200 grams of copper sulphate in 1000 c.c. of water. The 
function of the acid is to hold in solution iron and other metal im- 
purities. The temperature should be about 20° C, although a tem- 
perature a few degrees higher or lower will cause no serious error. 
The cathode should have an area of about 50 square centimeters 
for every ampere of current. 

The following specifd directions must be followed with the par- 
ticular apparatus used in this experiment. 

The volume of gas liberated in the gas voltameter, and obtained 
by reading the level of the hquid In the graduated tube, must be 
reduced to the volume which the gas would occupy if the pressure 
were 76 cms. of mercury and the temperature O^C. The pr^iire 
in the tube, obtained by correcting the barometer reading for the 
height of the acid in the standpipe above the acid in -the tube, is 
not the pressure of the gas alone, but the sum of the pressures of 
the hydrogen and the water vapor. The pressure of water vapor 
which must be subtracted from the total pressure to give the prea- 
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eure of the gas alone, depends upon the strength of acid solution 
and the temperature. Table 3 in the Appendix pves this correc- 
tion for different conditions. 

The apparent gain in wei^t of the cathode of the copper volta- 
meter, obtained from the readings of the Joly balance taken while 
the cathode is submerged, is not the true gain in weight because 
of the buoyancy of the copper sulphate solution on the deposited 
copper.. If TT is the true weight of deposited copper and W the 
apparent gain in weight of the cathode, then 

where d is the density of the copper sulphate solution, and D is the 
density of copper. 

Procedure. (1) Fill the hydrogen voltameter so that the level 
of tfi%^d in the standpipe is a centimeter or two above the ends 
of the stop-cocks. Connect a one-ampere ammeter in series with 
the gas voltameter and the variable resistance, and connect to the 
switch which supplies the current. At an exactly determined 
instant, close the switch, and, by means of the regulating resistance, 
maintain the current absolutely constant at about .25 ampere. 
As soon as the hydrogen has filled the tube to about 40'c.c.,open 
the circuit, noting the QXact instant. Record the reading of the 
meniscus in the hydrogen and oxygen tubes, and the height of the 
liquid in the standpipe above the level of the liquid in each grad- 
uated tube. Make a note of the room temperature and the baro- 
metric pressure. 

(2) Adjust and level the Joly balance and copper cell so that 
the suspension system hangs freely and the gain plate is midway 
between the two copper anodes and entirely submei^d in the 
copper sulphate solution. Only a single fine wire should extend 
through the surface of the liquid. 

Make connection to the gain plate by the means provided, 
and connect the ammeter and resistance in circuit. Make sure 
that the gam plate b the cathode. Close the switch just long 
enough to adjust the current to .8 or .9 ampere. Remove the 
connection from the gain plate, and accurately read the Joly 
balance. Once more make ccnmection to the gain plate, and, at an 
exactly noted instant, close the switch. Maintain the current 
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constant for at least three quarters of an hour. Note the exact 
instant the switch is opened. After disconnecting the gain plate, 
read the Joly balance. 

The spring of the Joly balance must now be calibrated by noting 
the stretch produced by a one gram we^ht. 

The density of the copper sulphate is now to be determined by 
weighing, by means of a second Joly balance, the small glass sinker 
in the copper sulphate and in water; or its value may be funiished 
by the instructor. 

Results. Calculate the electro-chemical equivalent for the 
two cases. The density of the acid solution used in the gas volt- 
ameter may be assumed to be 1.18 gms. per c.c. The density of 
copper is 8.9 gms. per c.c. 

47. POTENTIOMETER 

IntToductoiy Remarics. The measurement of voltages or elec- 
tromotive forces is of evident necessity in practical and experi- 
mental work. This is often accomplished by means of voltmeters, 
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but these instruments are simply galvanometers which were first 
calibrated, and are often recalibrated by means of the much more 
accurate potential measuring device, the potentiometer. 

The Potentiometer 
Tht potentiometer is an apptu^tus for very accurately detenninii^ an 
unknown voltage in terme of the voltage of a standard celj, which has been very 
accurately measured and adopted as a legal etandard. The potentiometer has 
the great advantage over many other methods of measuring potential in that 
no current is drawn from the source of potential being measured. On the other 
hand, aJmost all voltmeters require some current to give the deflection of the 
instnunent, and this current, although small, when derived from the potential 
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being measured, often so changes conditions that the voltage measured is not 
the voltage which exists before the instrument is connected. 

The principle of the potentiometer is embodied in Ohm's law, i. e., vohage ■> 

( S\ 
current x resistance ( I " » I ' In its simplest form, the potentiometer con- 
sists of a high resistance R throi^ which a few cells cause a small constant cur- 
rest t to flow (see Fig. 32). Aetandardsourceof potentiate' is then connected, 
asin the figure, through akey and galvanometer and acTossBomeof the resistance 
J£. The direction of e' must be ao as to tend to cause a current to flow through 
the resistance / in the some direction as the current caused by the main set of 
cells. It the point of contact a be moved, a point will be found, provided e' is 
less than the electromotive force of the main battery, when no current will flow 
through the galvanometer because the potential drop through the portion of 
the resistance between the terminals of the side circuit is equal and opposite to 
&'. Under these conditions, if r' is the resistance bridged across by the circuit 
containing e', then e' ~ it'. If now e' be replaced by an unknown electro- 
motive force £', and a new point of balance be found, so that .R'is the resistance 
bridKsd acroes, then W = iR'. Combining the two expressions above, we have 

If the galvanometer is sufficiently sensitive, the values of A' and r' can easily 
be determined to 4 or 5 significant figures, which gives ameasure of £' accurate 
to .01% or better. 

Potentiometers are made up in very conv^iient fomis, but excellent results 
can be obt^ned with the very simple apparatus, to be used in the following 
experiment. 

Object. The object of this experiment is to give experience in 
the use of a very simple potentiometer as applied to the measiue- 
ment of the volta^ at the terminab of a Daniell's cell, as a function 
of the current drawn from the cell. Incidentally, the results will 
give some interesting information concerning the properties and 
action of the Daniell's cell. 

Apparatus. The potentiometer which is to be used consists 
of a pair of resistance boxes, connected in series, which take the 
place of the parts of the slide wire on each side of the point a in 
the figure, which is the point between the two boxes. For simpli- 
city, it is necessary to keep the sum- of the resistances in the two 
• boxes always equal to 1,000 ohms. If this is done, the action of 
the apparatus is similar to that of the slide wire. The accessory 
apparatus consists of a portable galvanometer, a key, a dry cell to 
be used as the standard cell, a Daniell's cell, and a resistance box, 
the use of which will be explained later. The current for the poten- 
tiometer is obtained from a storage cell. 



88 PHYSICAL LABORATORY MANUAL 

Discussion. If a current I be drawn from a cell which has an. 
electromotive force E, and an internal resistance r, the difference of 
potential at the. terminals of the cell is given by the expression 

V =E~ Ir 
This means that the external voltage of the cell is less than the true 
electromotive force by the amount of the fall of potential in the ceU 
itself. If the current is supplied to an external resistance R, the 
current is given by the relation 

-I- 

If the external resistance R be now varied, / and V will chai^. 
The variation of V with respect to / can be represented by a graph, 
for which the ordinates are the values of V, and the abscissae the 
corresponding values of /. The first expression ^ven above is the 



equation of the graph. It is clear that, if E and r remain constant, 
the graph will be a straight line which cuts the axis of ordinates at 



E and r do not remain constant, the graph will in general be curved, 
and an examination of the line will give some idea of the way in 
which B or r changes. 

In addition to the information concerning the constancy of E and 
r, the graph gives some very interesting data concermng the dis- 
tribution of power in the circuit and the efficiency of the cell under 



ELECTRICITY 89 

various conditions. Let Fig. 33 represent the straight line graph 
for a cell in which both E and r remain constant. Let eg be the 
ordinate corresponding to any current I. It will be clear, then, 
that the area of the rectangle abgf represents the total power being 
produced by the chemical action. The shaded area gives the power 
dissipated in the external resistance, and the area of the rectangle 
abed represents the power dissipated in heat in the internal resis- 
tance of the cell. The efficiency of the cell for the current / is, 

area of deaf 
therefore, - — — , , , - It can easily be shown that the shaded 

area of aogf 

imum current of the cell. The graph, therefore, shows the power 
output and efficiency for any current; and, in addition, the current, 
voltage, and efficiency, for maximum power output of the cell. 
The above discussion holds with some limitations to a curved * 
graph. 

Procedure. Connect the two -large resistances boxes, the 
storage battery and the upper half of the double key together, all 
in series, setting the sum of the resistances in the two boxes to the 
value 1000 ohms before connecting them in. Connect the standard 
dry cell, the galvanometer and the lower half of the double key, 
after the manner indicated in Fig 32 (in series with one another) to 
the ends of oTie of the laige resistance boxes. The resistance of this 
box will be the resistance r' of the figure, while the resistance R of 
the figure is 1000 ohms. Record the voltage of the standard cell, 
and the reading for the point of balance. Large currents should 
never be drawn from the standard cell. 

Replace the standard cell by a Darnell's cell, and record the new 
point of balance. 

Connect the third resistance box across the terminals of the 
Daniell cell, adjusting ita plugs so that its resistance is 20 ohms 
(this comiectton is not shown in Fig. 32). Arrange the cell and 
wires so that the position of the zinc and copper parts (the ' 'ele- 
ments") of the cell will not in any way be disturbed. This precau- 
tion is necessary in order that the internal resistance of the cell will 
not vary because of a change in distance between the elements. 
Record the point of balance in each case when 20, 12, 8, 4, 2, and 1 
ohms are separately unplugged in the box. 
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Results. Calculate the voltage of the Daniell cell as it was at 
first, and again after the resistance box was connected to it, for 
each value of the resistance in this box. 

Plot the curve described in the discussion for the Daniell cell. 
State the open circuit potential and internal resistance; the latter 



From the plot for the Daniell's cell, determine and state tlie 
maximmn power output, and the current, voltage, external resis- 
tance, and efficiency for the condition of maximum power output. 

48. MECHANICAL EQUIVALENT OF HEAT BY 
ELECTRICAL METHOD 

Introductory Remarks. The electrical units are so defined that 
' the relation between them and the meQhanical units is definitely 
known. For instance, the work done by a current is, by definition, 
equal to the product of the three factors, the current in amperes, 
the potential difference, in volts and the time in seconds. The 
answer comes out in Joules, where one Joule is simply a multiple of 
the erg, i. e., ten milhon ergs. Definition does not establish the 
relation between the electrical units and the heat units any more 
than does definition establish the relation between the mechanical 
units and the heat units. 

The very important constant, the mechanical equivalent of 
heat, can be determined by measuring the quantity of heat pro- 
duced directly by a known amount of mechanical work as was done 
in an earlier experiment, or by the much more accurate method of 
determinii^ the electric equivalent of heat by finding the quantity 
of heat produced by the expenditure of a measured amount of 
electrical energy, and then converting this result into the mechani- 
cal equivalent of heat by means of the known relation between the 
electrical and mechanical units. 

The latter process will be the method used in this experiment and 
consists essentially of meaaurii^, by means of a calorimeter, the 
quantity of heat produced in a given time by a measured current of 
electricity flowing through a heating coil of known resistance 
placed inside the calorimeter. 

The measurement of the heat will be accomplished by the so- 
called coniinuoxtsJUrw calorimeter, a type very often used in practice. 
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The principle upon which this type of calorimeter works is as 
follows: A constant stream of water Sows through the apparatus 
which contains the electrical heating coil, and the rate at which the 
water flows is determined by weighing the amount of water used 
in a certain time. The temperatures of the ingoing and the out- 
going water are accurately measured by means of two sensitive 
thermometers. If the apparatus is so constructed that there is no 
loss of heat by radiation or conduction from the water as it passes 
between the two thermometers, and if the water be allowed to flow 
at a perfectly constant rate until the difference in temperatures, 
as recorded by the two thermo- 
meters, remains amalant, then it 
easily seen that all of the heat 
I produced by the current of elec- 
tricity goes to heating the water 
J from the temperature of the in- 
let to the temperature of the 
outlet. Corrections for heat ab- 
sorbed by the material of the 
apparatus or for heat lost are 
evidently unnecessary. 

Object The object of this 

experiment is to give experience 

in the use of the continuous flow 

\ calorimeter as applied to the de- 

1 termination of the mechanical 

L equivalent of heat according to 

the method outlined above. 

Apparatus. The construction 

of the continuous flow calori- 

Ra. M meter, which will be used in this 

experiment, is shown in Fig. 34. 

The vacuum or Dewax flask D consists of a double walled tube, the 

opposing surfaces of which are silvered to diminish transfer of heat 

by radiation. The chamber between the walls is highly exhausted 

to prevent transfer of hekt by conduction or convection. This 

arrangement very efficiently insulates the interior cavity from loss 

or gain of heat through the walls. H is an electric heating coil 

made of manganin resistance wire, an alloy which ch^iges very 
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little in resistance with change in temperature. Water fiowB from 
a bottle B, so arranged that the rate of Sow is maintained constant, 
through the regulating stop-cock S, past the inlet thermometer Ti, 
and into the bottom of the calorimeter through a thick small-bore 
glass tube. The velocity of the water through the small bore of 
the tube is considerable, and there is little probability of heat 
flowii^ up the stream of water and affecting the thermometer Tj. 
The water is deflected as it goes about the heatii^ coil by mica 
vanes or partitions not shown in the ^^e, and then flows out 
past the outlet thermometer Ts. 

The heating coii ff is connected in series with a ^-ampere 
ammeter and a regulating resistance. Current is supplied from 
a set of ston^e cells. A voltmeter is supplied for measuring the fall 
of potential throi^h the resistance. 

Procedure. Tmtd the stop-cock part way bo that the water 
flows from the calorimeter m a small but continuous stream. As 
soon as the readings of the thermometers become constant, record 
the temperatures every minute for 5 or 6 minutes. The two ther- 
mometers may differ because of errors in their absolute calibra- 
tion. Since the lerigth of a degree is, however, probably correct, 
the discrepancy in the readings will not affect the results. Now 
turn on the current, and adjust it so that there is an opportu- 
nity both to decrease and increase the variable resistance for 
regulation. It is the duty of one man to maintain the current 
absolutely constant, for, since the current is squared to give the 
heat produced, a slight change in the strength of the current will 
have a lai^e effect upon the result. The difference in tempera- 
lures should be over 5° and not over 15°, 

Weigh one of the metal cans. As soon as the temperatures 
become constant, note the exact time and place the weighed can 
under the outlet. Record the temperatures every 30 seconds 
until the can is about three quarters full. Note the exact time 
when the can is removed. Weigh the collected water. 

Change the rate of flow of water and repeat the run, exchanging 
duties. At least two independent runs should be made. 

Find the resistance of the heatingxioil which is obtained from the 
voltmeter and ammeter readings. 

Note. Unless certain precautions are observed the results of 
this experiment are likely to be in error. The bidbs of the two 
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thermometers should project as far into the small tubes as possible 
and yet allow the water to flow. The large tubes into which the 
stoppers that hold the thennometers fit and the outlet spout 
should be completely full of water. This is necessary in order that 
the rate of fiow may not chaise. The water in the bottle B 
should be at room temperature. 

Results. The result of each run is to be calculated and expressed 
in joules per calone. 

In working up the resulte, the aycn^ of the inlet thermometer 
readings is to be subtracted frcsn the average of the outlet ther- 
mometer readings. The result thus obtained is the average rise of 
temperature of the water. 

49. TEMPERATURE MEASUREMENT 

BY THERMO-COUPLE. LATENT HEAT OF 

FUSION AND MELTING POINT OF TIN 

Introductory Remarks, The two junctions formed by coimect- 
ing a wire of one metal in a circuit consisting of another metal are 
sources of oppositely directed electromotive forces, the magnitudes 
of which depend upon the temperatures of the junctions. If the 
junctJODS are at the same temperature, the electromotive forces 
are equal and opposite, and, therefore, neutralize each other so far 
as producing a current in the circuit is concerned. If, however, 
one junction is at a higher temperature than the other, there will be 
a resultant electromotive force in the circuit which can be used to 
measure the, difference in temperature of the junctions. Such 
junctions are called thermo-couples, and are very commonly used as 
thermometers. 

The usual practice in thermo-electric thermometry is to maintain 
one junction at 0°C., and to subject the other to the temperature 
being measured. The resultii^ electromotive force is then 
measured by means of a potentiometer, as in this experiment. If 
the junction has already been calibrated in terms of temperature, 
or if the law connecting temperature and electromotive force for 
the junction is known, the unknown temperature can be obtained. 

Various combinations of metals are used. For very high tem- 
perature measurements, the refractory metals, platinum and an 
alloy of platinum and iridium, or of platinum and rhodium, are the 
best. For lower temperatures, copper with constantan, an alloy 
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- of copper and nickel, gives very good results because of the high 
electromotive force produced, and because of the practically liuear 
relation between the electromotive force and the temperature of 
the hot junction, if the latter temperature be not too high. Chromel 
and alumel are two alloys of recent discovery which form a com- 
bination giving a still more nearly linear curve. 

Thermo-couples are usually calibrated by subjectii^ the hot 
junction to several standard temperatures such as the boiling point 
of water, the melting points of tin, lead, etc. 

Object. The object of this experiment ia to illustrate the method 
of calibrating and using a thermo-couple for the measurement of 
temperature. The temperature of some tin will be traced as it 
freezes. The temperature of steam will also be tested. From data 
obtained from the observations, the melting point and latent heat 
of fusion of the tin will be determined. 

Apparatus. The thermo-couples used in this experiment are 
made from the two alloys chromel and alumel. They are eo 
mounted that the junctions themselves are at the bottom of little 
glass tubes, whereby they may be handled. The wire connecting- 
these tubes is of one alloy; the two end wires of the other. A jar is 
needed, full of cracked ice, with very little water, in which one of 
the junctions is to be immersed throughout the experiment. The 
other junction is to be put in succession into the top of the steam 
boiler, or well down into the bath of tin. This bath is a crucible, 
so mounted that it is easy to heat it. Be careful not to heat it 
much above the melting point of the metal. 

Method. A potentiometer arrangement is to be, used in this 
experiment which is quite similar to that shown in Fig. 32, page 85. 
The thermo-couple takes the place of the cell e, and the same pre- 
cautions must be taken to see that it is connected in to the circuit in 
the proper direction. A dry cell furnishes a small but steady cur- 
rent through the slide wire, and also through an adjustable resist- 
ance, not shown in the figure. The difference of potential pro- 
duced by the couple is to be balanced against the fall of potential 
through part of the slide wirfe. A double key should be used to keep 
both parts of the circuit open when not in use. The galvanometer 
is of the type referred to on page 73. 

It would be convenient if divisions on the meter bar of the slide 
wire corresponded in some simple way to degrees Centigrade, at 
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least approximately. In order to arrange this, put the hot junction 
in the steam in the boiling appamtus, and the cold junction in ice. 
Then adjust the current through the slide wire by means of the 
resistance imtil there is no current through the galvanometer when 
the slide wire key is at 20 cm. {that is, a 6 = 20 cm. in Fig. 32). 
Then 2 mm. on the scale = VC; and temperatures may be read 
directly from the scale with fair precision. This assumes that the 
voltage of the couple is proportional to temperature, which is 
approximately true. 

Then proceed as follows: — l^t the burner under the tin and 
melt it. With the hot junction in the tin, the point of balance will 
move over toward, or beyond the middle of the scale. Run the 
temperature up to 300° or so; then turn off the heat, and begin to 
record the point of balance on the scale (i. e., the temperature) and 
the time about every 30 seconds, continuing until the temperature 
has fallen to about 100°C. In finding the point of balance it is con- 
venient to proceed as follows: — note the direction of motion of the 
galvanometer reading which corresponds to cooling, and call this, 
for convenience, doum. To get a point of balance, force the gal- 
vanometer up, a little past the zero (or point of rest) by moving the 
slider on tHe bridge; then w^t, holding the slider still and the keys 
down, until the galvanometer crosses zero. Note the exact time 
when this hap[>ens; note also the glider podtion, and as soon as 
these two are recorded, repeat the process. Beware, however, of 
the possibility that at the melting point the galvanometer will not 
go down; if this happens, move the slider at once to the position 
which brings the galvanometer to zero, and note time, as before, 
every 30 seconds, and until the galvanometer indicates a resump- 
tion of the cooling process; after this follow it, as before. 

Results. Plot these observations on a sheet showing tempera- 
tures one way, and time the other. From the level part of the 
curve, determine the observed melting point for the metal. 

From the curve for tin, find the tangent to this curve, in degrees 
per minute, just before solidification begins. Find also the tangent 
to the curve when cooling begins again, after solidification; there 
will be a bend in the curve there, but the tangent is to be drawn 
to that part of the curve where it becomes approximately straight. 
These two tangents will be nearly parallel, and would be more 
closely so if the specific heats of the liquid and soHd states were 
equal. The distance paraUel to the time axis between these lines 
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gives the time during which solidification occurs. The number of 
calories lost per minute before solidification is equal to the rate of 
cooling in d^rees per minute (() multiplied by the thermal (or 
"water") equivalent of the tin and its crucible. If M ia the mass of 
the tin and S its specific heat (0.054) while m and s are correspond- 
ing quantities for the crucible, the number of calories lost per 
minute before solidification becomes 

{MS + wis) (. 
Durii^ solidification the crucible gives out no heat of its own, but 
the tin gives off latent heat. L calories per gram. If it takes T 
minutes to freeze, there must be LM/T calories given off by the tin 
per minute during this process. But the rate at which heat is given 
off is approximately constant all this time, hence 

LM/T = (MS + ms) I. 
If the.crucible is so light and thin that it can be neglected this re- 
duces to L = tTS. But usually this is not the case, and we get 

^ = '^(^ + i> 

Use the last equation for finding L. Weigh the tin in its crucible; 
the we^t of the crucible alone is given; so is its specific heat. 

50. THE GENERATOR 

Object. The object of the experiment is to determine some of 
the principal characteristics of a shunt-wound D. C. Generator. 

Method. Examine the motor-generator set to determine the 
rated voltage and power of each machine, and observe that the 
generator connections are as indicated in fig, 35, 

Arm is the armature with brushes bi, b^ which are connected to 
the terminals T, Ti. 

Vi is a voltmeter connected to the terminals Ti, T^ giving the 
voltage supplied to those terminals by the armature. The 
reading, of Vi is called the terminal voltage and will be 



F is the field-magnet coil, 

R is a variable resistance connected in series with F. 

Ri, is a variable resistance through which the external (or load) 
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current supplied by the generator is driven. I 

to the terminals Ti Ta- 
Ai and A^ are ammeters in the external (or load) and geld cir< 

cuits respectively. We will call their readings Ii and 7/ 
A tachometer is provided for determining n, the r.p.m. of the 
generator, n may be varied at will by means of a variable resist- 




ance in the armature circuit of the motor. There are also instru- 
ments for determining the current /« and voltage £„ supplied to 
the motor. (Tachometer and motor connections not shown in 
fig. 35). 
An efficiency curve of the motor is posted in the laboratory. 

Case 1 . To determine the relation between 7/ and E' when n is 
constant : 

The voltage generated in an armature is 

E' = Kv4 {a) 

where n is the number of revolutions per minute, ^ the number of 
Unes of force which the &eld mc^nets cause to pass through the 
armature, and K a constant depending upon tbe manner in which 
the armature is wound. If n is kept constant E' is directly pro- 
portional to ^, and a graph of E' plotted E^ainst 7/ will be a m^- 
netization curve for the field magnets. Note that the voltmeter 
reiading E is the same as J?' if no current is being drawn from the 
armature. 
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Throw the switch S to the left thus connecting the field circuit 
across the 110 volt mains. The field magnets are now in no way 
connected to the armature. The field circuit current may be 
varied at will by means of the variable resistance R. See that 
switch St is open, thus preventing the passage of ciurent from the 
armature throi^^h Ri. 

Maintain n at 1100 r.p.m. by adjusting a resistance Rm not shown 
in the diagram. Vary // in steps of one tenth ampere from zero 
to one half ampere, and in steps of two tenths ampere from one 
half to. two and a half amperes, recording the terminal voltage E, 
as well as //, in each case. The current, // must always be increased 
from one value to the next and never decreased. If it is decreased 
the observed point may, on accoimt of hysteresis, not lie on the 
magnetization curve. 

Plot E' as ordinates gainst // as abscissae. 

Case S. To determine the relation between E' and n when i^ is 
constant: 

Keep the switch S^ open as in Case 1. With S again thrown to 
the left, .^ is to be kept constant by maintaining If at some con- 
stant value such as half an ampere. Vary n in steps of fifty r.p,m, 
throi^ as wide a range as possible. 

Plot E' as ordinates gainst n as abscissae. The curve thus ob- 
tained should be a straight line and is a check on the formula 
E' = Kn^. The slope of the hne is equal to the product K<t>. 
What sort of curve would have been obtained if If had been one 
instead of one half ampere? 

Case 3, To determine the relation between terminal voltage, 
output, efficiency, and the external (or load) current : 

Throw the switch S to the right, thus connecting the field wind- 
ings to the armature terminals Ti Ti, as is always the case in nor- 
mal operation. Make the resistance R = 0. Maintain n at 1100 
r.p.m. Close the switch Si,- The load resistance Ri is to be varied 
from maximum to zero in steps of such size that the current / 1 will 
vary in steps of about one ampere. Record //, and E of the genersr 
tor and I„ and E„ of the motor for each value of /j. 7j is, of course, 
also to be recorded in each case. The efficiency of the motor for 
each value of ^„/„ is to be obtained from the motor efficiency 
curve. 
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Note that the terminal voltage Eisno longer equal to the gen- 
erated voltage E' but is 

E = E' - IJio (fcj 

where IJta is the voltage drop in the annatiu-e due to the passage 
of the current 7a*tbrough the resistance Ra of the armature itself. 

Since the armature supplies both field and external circuits 
!.-!, + 1, W 

From equation c it is seen that the first increase of Ii must cause 
an increase in /«. The increase in I„ causes E to become smaller 
(equation 6). If must then become smaller because 

I, = ^ M 

Resistance of Field Circuit 
When If becomes smaller becomes smaller according to the re- 
lation expressed in the curve obtained from Case 1. As ^ de- 
creases so also does E'. The decrease of E' further decreases E, 
but the final value of ^ is such that 

Note that the decrease of E makes the external current smaller 
for any given value of load resistance than it would otherwise have 
been. (Equation e.) With each decrease of Ri the process of 
lowering E and E' is repeated. (This lowering is also increased in 
each case by so-called "armature reaction," which is the distortion 
and effective decrease of by the opposing action of other lines of 
force produced by the current in the armature itself). When /j has 
been increased until 7. is 12 or 15 amperes the term IJio (in equa- 
tion b) is 80 lai^e compared with E', and the armature reaction be- 
comes 80 large, that a further decrease of external resistance 
causes It to become smaller instead of larger. (See equation e and 
remember that while S^ is decreased, E decreases at a faster rate.) 

When Rj, is decreased to zero, laRa becomes equal to E', and E 
is then zero. 

The following cm-ves are to be plotted on one sheet of graph 
paper and the same scale of abscissae used for all of them: 

Observed values of E ss ordinates against observed values of 
Ii aa abscissae. This curve is called the "external character- 
istic" of the generator. 
Calculated output Elt as ordinates against observed /j as 
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Calculated values of generator efficiency, as obtained from 

EI, 

^ ~ Eml^X (appropriate efficiency of motor) 
as ordinates against observed /j as abscissae. 
From the three curves find : 
The terminal voltage, output, and efficiency for maximum 

load current. 
The terminal voltage, load current, and efficiency for maxi- 
mum output. 
The terminal voltage, load current, and output for maximum 
efficiency. 

51. THE MOTOR 

Object. The object of the experiment is to determine some of 
the characteristics of a shunt wound D.C. motor. 

Method. The electrical connections are indicated in Fig. 36. 

Arm. is the armature with brushes bi bj which are connected to 
the terminals Ti and Tj. 

F is the field-magnet coil. 

B is the starting box. 

r' is the coil working the "release" lever L of the starting box. 

Aji and Ajr are ammeters for determining the currents la and // 
of the armature and field circuits respectively. 

V is a voltmeter giving the voltage between the terminals Ti 
and Tt. This is the "terminal voltage" and will be desig- 
nated as E. 

A tachometer is provided for determining n, the number of r.p.m. 
of the motor. 

S is the switch for connecting the motor to the supply cur- 
rent mains. 

A prony brake like that shown in Fig. 19 is provided for use in 
determining the brake output of the motor. B is for the purpose 
of exactly balancing the long arm of the brake so that at rest the 
balance reads zero. By means of the screw S the bar of the brake 
may be adjusted so as to remain horizontal for alt loads. The two 
halves are forced together and the motor loaded by means of the 
two nuts NN, each of which should be screwed down by the same 
amount in order to keep the parts of the brake in line. 
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In order to make the armature of a motor rotate, a current rausi 
be driven through the armature by means of an electromotive 
force, E, applied to the armature through the brushes. As the 
armature rotates the armature conductors cut the lines of force 
created by the field magnets and this cuttii^ of the lines produces 
an electromotive force in the armature conductors. This electro- 




motive force is, by Lena's law, in the opposite direction to the 
electromotive force E.- It is called the "back e.m.f." and ia de- 
noted by Et. E), is given by the equation 

Ei * Kruf, (a) 

where, <^ is the number of lines of force which the field m^nets 
cause to pass through the armature, n is the number of r.p.m., and 
iC is a constant depending upon the manner in which the armature 
is wound. Since Ei, opposes the action of E, the armature current 
will be determined by the difference between E and Eb- ' It is 
given by the equation 

I.~^^ (6) 

where /a is the current passing through the armature and Ra is the 
armature resistance. 

A study of equations a and 6 enables us to predict the behavior 
of the motor under any circumstances whatever. Equation b may 
be put in the form, 

E = Et + IJt. (c) 

IqR^ is voltage drop in the armature. The voltmeter connected 
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across the anuature gives E. Let us multiply each side of equa- 
tion (c) by 7a, and obtain, 

Eh - EJ^ + h^R (d) 

If to each side of this equation we add Elf, we obtain 

E{h + If) = EJ, + Ia*R + Elf (e) 

7/ + 7o is the total current used by the motor and E{I^ + 7/) is 
consequently the "input," or total power used by the motor. On 
the right hand side of equation c we have a term 7a*K which is 
obviously power lost in the form of heat produced in the armature. 
Elf is power used in the field magnet coils. EiJa, the only other 
term in the right hand side of the equation, must then be the power 
used in producing the rotation of the armature. Let us call this 
power the "indicated output," it being the output as indicated by 
the equation. (It is analc^us to the output of a steam engine as 
given by an "indicator" diagram). The "indicated efficiency" 
is then, 

EtI, 
"mdicated efficiency" = _,,. , . . (/) 

tHl/ + la) 

Three sets of observations are to be taken. 

Case 1. To determine how E» and n vary with the voltage ap- 
plied to the armature: 

Make the resistance R equal to zero and make R' as large as 
possible. Close the switch S and start the motor. Since the re- 
sistance R' is in series with the armature there is a voltage drop 
7aH' in it, and the voltage applied to the armature terminals is 
less than the line voltage 110 by the amount laR'- Record the 
terminal voltage E (from the readir^ of V) and speed n for several 
values of R' from its maximum to zero. Record the resistance Ra 
of the armature itself. This is posted near the machine. Using 
equation c calculate Et for each observation. 

Plot Eft as ordinates against n aa abscissae. Show that the re- 
sidting curve is consistent with what would be expected from 
equation a. 

Case 2. To determine how n varies with If and how Et behaves 
during these variations. 

With resistance B' equal to zero, vary R in such manner as to 
decrease 7/ in steps of one hundredth of an ampere from its maxi- 
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mum value (about .2 ampere) to one tenth ampere. Record //, 7a, 
E and n. 

Plot 7/ as ordinates i^ainst n aa abscissae. Notice that En as 
given by equation c remains constant. How can this be consistent 
with equation a? 

Case 3. To obtain the efficiency curves of the motor under 
normal operating conditions: 

Make R and R' each equal to zero. Put the prony brake in 
place as shown in Fig. 19. Close S and start the motor. Tighten 
the nuts NN so as to vary the load in such steps that the readin^p 
of the balance vary, in steps of one quarter pound, from zero to 
about two and a half pounds. Record for each load E, I,, If, n, 
and the reading of the balance. Use the equation / to calculate the 
"indicated efficiency" for each load. 

Plot "indicated efficiency" as ordinates gainst watts output 

as abscissae. Calculate the brake output from "Output" = 

2mrF foot-pounds per minute, where F is the balance reading, 

n the r.p.m., and r the lei^h of the brake lever arm. (See Fig. 19.) 

Each of these values of output may be changed to watts by mul- 

746 
tiplying2,„rFbyjj5^ ■ 

The brake efficiency is given by 

Bnto efficiency - ^^^^^^^ - 0.142 X g^^^ • 

Plot brake efficiency as ordinates against output in watts as 
abscissae. Plot thia curve on the same graph sheet with the "in- 
dicated efficiency" curve. Explain why one efficiency is always 
less than the other. 

52. A STUDY OF THE PROPERTIES OF IRON 
IN A MAGNETIC FIELD 

bitroductoiy Remarks. The great majority of electrical 
machines and devices depend in their action upon the magnetic 
effects of an electric current. In these devices, strong ma^etic 
effects are usually obtained by the use of many turns of wire, and 
by the use of iron as a part, or as the whole of the magnetic circuit. 
A knowledge of the behavior of iron in a magnetic field is, -there- 
fore, of the greatest interest and importance. 
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Object The object of tbe followii^ experiment is to give some 
elementary knowledge of the properties of iron when subjected to 
magnetic fields of various strengths. The magnetic strength of a 
piece of soft steel and a piece of hardened steel will be traced as the 
specimen is subjected to a first increasing and then decreasing 
magnetizing force. 

Apparatus. The instrument used for the comparative measure- 
ment of the magnetic strength of the specimens is known as a 
magnetometer. This instrument (Consists of a small suspended 
magnet and mirror, the small deSections of which can be read by a 
telescope and scale. A horizontal meter rod, attached to the 
framework of the instrument at the height of the needle, serves as 
a support for the specimen. If the meter rod points in an east and 
west direction, and the short specimen is placed on the rod so that 
it is some distance from the needle and its axis passes through the 
center of the needle, the tangent of the angle through which the 
needle turns can be shown to be proportional to the magn^ic 
moment of the specimen. The moffnetie moment of a bar magnet is 
defined as the product of the strength of pole and its length, and 
is, therefore, a measure of the strength of magnetization. If the 
magnetometer is read by means of a mirror and scale, it should be 
noted that the scale deflection of the instrument divided by the 
distance from the mirror to the scale is the tangent of imce the 
ai^le of defiection. 

A coil of wire about two inches long and wound with about 1100 
turns of wire, is mounted at one end of the magnetometer meter rod, 
and is used for producing the magnetizing fields for the specimens. 

The two specimens to be tested consist of a soft steel bar and a 
similar glas»-hard bar. These bars are about two inches long by a 
quarter inch in diameter, and fit in a hole in the exciting coil. 

An anmieter for measuring the current, and an adjustable re- 
sistance for varying the current in the coil,' are provided. Both 
the ammeter and the resistance must be located at a considerable 
distance from the magnetometer because of their disturbing 
magnetic fields. 

Current is taken from a set of storage cells. 

Procedure. 1. Readings of the magnetometer and ammeter 
are to -be taken, usii^ the coil alone, as the current is increased 
from zero to the maximum in steps of about .1 ampere. 
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2. Place the piece of soft iron centrally inside of the coil, and 
increase the current by small steps from zero to the mftTJTrm m and 
back again, taldi^ all the necessary readings. The increase and 
decrease of the current must be coniinuoue, that is, never in increas- 
ing the current must the current be decreased by any small amount, 
Bind similarly, never in decreasing the current must the current be 
increased by any small amount. Tini point is exceedii^ly im- 
portant. 

3. Itepeat the same process with the hard steel bar. Before 
this b^ is used, however, it must be demagnetized by withdrawing 
slowly from an altematmg magnetic field. See the instructor. 

If time permits, again increase the current to some value less 
than the maximum value and then return to zero current, taking 
the necessary readings in small steps. 

Record the distance from the mirror of the magnetometer to the 
scale. 

Zero readings of the instrument should be occasionally taken 
throughout the work. 

Computation and Results. If 6 is the angle of deflection of the 
magnetometer when acted upon by a specimen of strength M 
(magnetic moment) then 

tanS '= KM, where Kisa, constant. 

The deflection, as read on the scale, divided by the scale distuice, is 
the tangent of 2 0. That is 



In order to obtain data from the magnetometer which are propor- 
tional to the values of M, it is necessary to have an expression 
between M and D, or since tan 8 is proportional to M, between 
tan 6 and D. This can best be expressed graphically. Divide 
several specific values of D, as, for instance, multiples of 5 from 
to ^, by the scale distance L. The results are the values of 
tan 2 8 from wiiich the values of ton 6 can be found by the use of a 
table of natural tangents. Plot a curve, the abscissae of which are 
the values of D, and the ordinates the corresponding values of 
tan 0. This curve may now be used to find the value of tan 6, 
which is proportional to M, corresponding to any scale read- 
ing D. 
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Obtain from the curve the values of ton 8 correepondu^ to all 
of the actual scale readings for the data recorded above. Plot the 
results for each run as ordinates against the corresponding currents 
producing the deflection. 

Subtract from each ordinate of the curves for steel the ordinate 
correspondii^ to the s^me current for the coil alone. The dif- 
ferences for each curve form a second curve which represents the 
magnetic moment of the iron cUone, for that case. 

The numerical magnitude of any individual ordinate is of no 
interest, but the curves are of interest in representing the compara- 
tive behavior of the two specimens and coil. 

Some very interesting conclusions can be drawn from the results 
and should be recorded in the final report, 

53. ALTERNATING CURRENTS 

Introductory Remarks. An aUemattTig current is one which 
periodically reverses in direction a certain number of times per 
second. The time T during which the current completes one 
cycle of changes is called the period, and its reciprocal n is known 
as the frequency of the alternating current. The common com- 
mercial frequencies are 25 and 60 per second. 

The almost continuously varying character of alternating ciu-- 
rents causes effects which are not obtained in direct current cir- 
cuits. Most of these effects are very useful and make possible, 
with alternating currents, many results not so easily aecomplished 
with direct currents, such as easy transformation of voltage, etc. 
For this reason alternating current service for use in lighting and 
for power has practically replaced direct-ciurent systems. 

Although the phenomena obtamable with alternating currents 
are inmiensely more complicated than the steady current phe- 
nomena, and no single experiment can hope to present much of the 
theory of alternating currents, yet a few fundamental facts can be 
illustrated. 

Object. The object of this experiment is to teach the funda- 
mental difference between direct currents and alternating cur< 
rents, and to show the effect of a change in frequency on the 
apparent resistance of a coil of wire. The effect on the apparent 
resistance of introducing an iron core into the coil will also be 
observed. 
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^iporatuB. The alternating curreat for this experiment is 
derived from a machine which converts a direct current into an 
alternating current, and is sometimes known as an irwerted rotary 
converter. The device is simply a direct-current motor equipped 
with slip ruigs which connect into the motor winding on the arma- 
ture. The speed of the machine can be varied, by meuis of a field 
rheostat, from a few revolutions per second to about 60. The 
frequency of the resulting alternating current is the same as the 
speed per second, 

A coil of several hundred turns of wire wound on a wooden spool 
is fed with current by the converter. A core of iron wires and a 
copper tube, which fits over the core, can both be inserted into the 
coil. An adjustable resistance is provided to be connected in 
series with the coil. 

An alternating current ammeter and voltmeter^ known as hot- 
wire instruments, are provided for indicating the current and 
voltage supplied to the coil. These instruments depend in their 
action upon the ejcpuision of a fine wire due to the heatii^ effect 
of the measured current. The ammeter does not read amperes 
directly, but the true current in amperes can be obtained from 
the posted calibration curve of the instrument. 

A speed indicator is provided for determining the speed of the 
machine. 



If an alternatit^ electromotive force of effective 
value E (reading of voltmeter) is impressed on a circuit containing 
a resistance R and a coil of wire, then the effective current (am- 
meter readii^;) is given by the expression 



where n ia the frequency per second, and L is a new property of the 
coil called indiictance. It is in virtue of this inductance that there 
is produced in the coil an opposing electromotive force whenever 
the current changes, which depends upon the rate of change of the 
current. This opposing electromotive force and the ohmic resis- 
tance R of the circuit both serve to reduce the current. If L is 
zero, the above formula reduces to Ohm's law. The full formula 
may, therefore, be spoken of as the extended Ohm's law. 

If the circuit contains no iron, the inductance L is constant and 
depends simply upon the geometry of the circuit. If iron is in- 
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serted in the coil, the inductance depends both upon the frequency 
and the current strength and is, therefore, rtot constant. The 
value of L in the formula represents, in this case, therefore, some- 
thing analogous to the average inductance. 

Procednre. Start the generator on low speed, and regulate the 
resistance in series with the coil so that the current is about as 
much as the instrument will read. Take readings of voltage, 
current, and speed as the frequency is increased from ita lowest 
value to about 60 per second. The speed should be taken for at 
least a minute. 

Repeat the same run with the iron core in the coil. 

Again repeat the run with the copper tube over the iron core. 

Obtain, from the calibration curve of the anmieter, the true 
currents corresponding to the ammeter readings. 



three cases, and, from several points on each curve, calcidate the 
value of the inducttmce L. Tabulate the results. The intercept 
on the E/I axis gives the resistance R. 
Explain tlie effect of the copper tube. 



SECTION V. LIGHT 

60 PHOTOMETRY. 

Introductoiy Reourks. Photometry ia the science of the meas- 
urement of the intensity of Ught in terms of a standard unit of 
intenraty, and the photometer is the device by means of which this 
measurement is accomplished. 

Photometry has become a very common commercial process, and 
is of particular mterest because of the practical problems with 
which it deals. Among the problems are the determination of the 
distribution of light around various light sources together with the 
effect on this distribution of shades of various shapes, and the com- 
parative efficiencies of various kinds of light. Both problems will 
be partially investigated in the following experiment; suggestions 
will be given of further work which it would be interesting .to 
cany out, if there is time. 

The value of the following experiment lies in the practice gained 
in the use of a commercial photometer, in the practical knowledge 
of the distribution of intensity of the light about bare and shaded 
incandescent lamps, and in the efficiency of lamps at different 
voltages. 

Object The object of this experiment is to show the compara- 
tive behavior of two types of lamps at different voltages, and to 
measure the effect of a glass shade on the distribution of light 
around a lamp in a plane through the long axis of the lamp. 

Apparatus and Discussion. A Lununer-Brodhun photometer is 
provided for use in this experiment. A description of the appara- 
tus is given below. 

The Lumueb-Brodhun Photoueter and Photometry 

There are m&ny types of pbotometera of which the moat common commercial 
forms depend upon the law of the inverse equare of the dietance. The two 
sources of light which are to be compared, the standard and the light under 
investigatioii, are placed at a considerable distance apart, and a screer moved 
until it is equally illuminated by each. The relative intensities of the two 
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sources are then proportional to the squares of their distances from the screen. 
Of this type the Lu mm er-Brodhun form is a very satisfactory example. In 
this photometra' the two aourcea of light are placed at opposite ends of a loi^ 
scale on which slides the co-called head of the photometer. The head of the 
Lummer-Brodhun photometer is shown in Fig, 37. It consists of a white 
plaster of Paris disk S, both sides of which are 
viewed at the same time through the telescope 
T. This ie accomplished by means of a sys- 
tem of mirrors, two of which are shown at M 
and M'. The light from the mirror M is re- 
flected by the righUangle prism P into the 
telescope by total internal reflection from the 
back of the prism. There is a corresponding 
prism P'. The two prisms P and P' do not 
~~" touch except over a certain area where they 

are cemented together by Canada balsam. 
Y^a. 37 Where the prisms do not touch, the light is 

entirely reflected by the prism P, and all the 
light reodved is from the mirror M and the side 5 of the screen. Where the 
prisms are cemented tc^ther by the Canada balsam no light is reflected, but 
the hght is entirely transmitted from the prism P', and the light comes from 
the mirror M' and the side 5' of the screen. The telescope is focused on 
the surface of separation of the two prisms, and the observer, thus seeing side 
by side the two surfaces S and S', can see when the two sides are equally illu- 
minated. The head of the photometer ia moved backward and forward until 
this is accomplished. The position of the head on the long scale is then read, 
and the relative intensities of the two sources calculated by means of the 
ratio of the squares of the distances. 

The unit in terms of which the intensity of light is usually measured is that 
of a paraffin candle burning at the rate of 120 grains, 7.78 gms., per hour. 
It ia, however, difficult to make a candle bum steadily, and it is now customary 
to use some other standard, the candle power of which has been detCTmined. 
The Hefner lamp is in common use as a standard because of its steadiness, 
and because the substance burned can easily be obtained pure. This lamp has 
a small round wick, and resembles an ordinary alcohol lamp except that it 
bums amyl acetate. If the wick has definite dimensions and the flame is 
adjusted, by means of a sighting device on the lamp, to a definite height, the 
candle power is known. The light of this standard has the disadvantage of 
being slightly reddish iii color and hence difficult to accurately compare with 
white lights. 

The usual practice in photometry is to use as a secondary standard an incan- 
descent electric lamp, which has been carefully standardized against a Hefner 
lamp. This secondary standard is usually a specially constructed lamp with a 
filament in a single plane, and the lamp is placed in the photometer so that this 
plane is perpendicular to the direction of the photometer scale. 

■ The standard lamp for use with this experiment has been care- 
fully Btandardized and the candle power marked on the lamp. 
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The particular photometer used in this experiment is so arranged 
that the distance between the photometer head and the standard 
lamp caji be kept constant. This is not necessary but considerably 
simplifies the computation. 

Means are provided on the photometer for tipping the test lamp 
through measured angles in a vertical plane and for rotating it 
about a vertical axis through indicated angles. In this way the 
intensity of light can be measured in any direction. Since most 
shades are symmetrical about an axis, it is usually sufficient to 
know the distribution of light in a vertical section through the axis 
of symmetry. 

Carbon and metalUzed carbon are now almost entirely replaced 
by the recently developed, and much more efficient, metal fila- 
ment lamps. It is interesting to know just how much superior the 
new lamps are to the old'in light^ving power, and in just wliat 
particulars the two kinds of lamps differ. This experiment in- 
cludes tests designed to investigate the important characteristics 
of the lamps, and their behavior under various conditions. 

An incandescent lamp receives from the mains a certain amount 
of electrical energy per unit time, a small part of which is trans- 
formed into useful light, the remainder going over into useless 
heat. The most interesting characteristic of a lamp is, therefore, 
its light efficiency. This might be stated, as is usually the case 
when stating efficiency, as its output in light divided by its input 
in electrical enei^. If it were possible to determine the energy 
of the total l^bt given out by the lamp, then the output and mput 
could be expressed in the same imits, and the efficiency would 
come out in per cent. This form of expressing efficiency is, how- 
ever, not practicable because of the difficulty of determining the 
energy output of light, nor would the efficiency expressed in per 
cent be as useful to the ertjpneer as the usual method of stating the 
performance of a lamp given below. 

Commercially, the efficiency is stated in the following way. 
Suppose it be agreed that the candle power of the lamp be 
measured in a direction perpendicular to the long axis of the bulb, 
and that the mean horizontal candle power denote the average of 
the horizontal candle powers measured at regular angular intervals 
around the lamp in a plane perpendicular to its long axis. Then, 
the mean candle power, thus measured, divided into the input to 
the lamp expressed in watte, gives the watts per mean horizontal 
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caodle power which is the common manner of expreesii^ the 
quality of a lamp. This measure of the lamp's I^ht-giving power 
indicates the in^eiency rather than the efficiency of a lamp for 
emitting light. 

Procedure. Adjust the standard lamp so that the plane of the 
filament is perpendicular to the axis of the photometer. Throw 
the double-throw switch over to the r^ht; the voltmeter then 
reads the voltf^je on the standard lamp. A resistance is provided 
in series with the lamp by means of which this voltage may be 
regulated, and it should be kept throughout the experiment at 110 
volts. It should be examined and if necessary regulated, at fre- 
quent intervals. On throwing the double-throw switch to the left 
the same voltmeter records the voltage on the test lamp, and 
another resistance is provided to vary this. An ammeter is con- 
nected in series with the test lamp. 

Place the metallized carbon lamp in the test lamp socket, and, 
adjust the resistance so that the lamp is up to full brilliancy. 

Set the lamp vertical and at some angle, say 0°, which is to re- 
main fixed for the following run. Record the voltage and current 
for the test lamp, and the photometer readings for six or eight con- ' 
ditions of brilliancy from the maximum down to the lowest measur- 
able candle power. 

Replace the carbon lamp with a 25-watt tun^ten lamp, and 
repeat the run as made with the carbon lamp. 

Record the candle power of the standard, which is to be obtained 
from a chart furnished with the apparatus. The value is to be 
taken which corresponds to the voltage used. 

Then, with the tungsten lamp in the teat socket take readings 
of the photometer as the test lamp is turned through 180" by steps 
of about 15°, beginning with its tip pointing toward the standard 
lamp. 

Attach around the test Ifunp the frosted glass shade and repeat 
the run. 

Measure the distance between photometer head and the stand- 
ard lamp. . 

Results. The ratio of the candle power of a lamp in the chosen 
fixed direction and the mean horizontal candle power is a constant 
for all brilliancies, and can be used for converting the candle power 
in the fixed direction for any brilliancy into the corresponding 
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mean horizontal candle power. This factor is for lack of time here 
assumed to be unity, thoi^ an error of 10-15 % may thereby be 
introduced. 

The watla per mean horiz<midl candle power and the resistance 
of the lamp are both to be calculated for each lamp, and plotted 
as ordinates against candle -power as abscissae. The two curves 
are to be plotted on the same piece of paper in order that coin- 
parisoDs between the lamps may easily be made. 

The two curves from data taken at the various angles, with bare 
lamp and with shade, are to be plotted on the same sheet of polar 
coordinate paper. .The intensity of light is indicated by the dis- 




tance from the center along the particular radius which corresponds 
to the direction in which the intensity was measured. Fig 38 shows 
a possible intensity curve about a shade. 

Conmients should be made as to the effect of the shade. 

If time permits it is interesting to start with a lamp vertical at 
0° and turn it around a vertical axis throi^h small steps, thus test- 
ing the variation in horizontal candle power. An average of all 
such results gives the mean horizontal candle power and a true 
value for the ratio assumed above to be unity. 

It is also worth while to examine a clear shade instead of a 
frosted one, and other shapes of shades. 

Suggestloii. Much time may be saved in the computation of this experi- 
mmt if a slide rule or a table of squares be used. 
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INTRODUCTION TO EXPERIMENTS 61, 62 AND 63 
Optical instruments of one kind or another are of such general 
use in everyday life as well as in practically every branch of 
science that even a small knowledge of their construction and 
theory is of great interest and practical value. - The two following 
experiments are designed to supply some information concerning 
the more common optical instruments. In the experiment called 
Optical Instruments, several optical instruments will be con- 
structed and their characteristics studied. The second experi- 
ment deals with the theory and use of one of the most useful of 
optical instruments, the compound microscope. 

Optical instrimients conBist of various combinations of lenses, 
sometimes combined with prisms or other optical devices. A 
thorough knowlet^e of the action of lenses is required, and some 
text-book should be consulted if necessary. The two following 
sections on the lens formula and eyepieces should be read before 
attempting the experiments. 

Note Concebninq the Use of the Lens Fohuula 

Various conventions regarding the aigDS to be used ia the familiar lens 

formula are found in text-books. In some books different formulae are used 

for the converging and diverging knsee, while in others one formula serves for 

both, with a convention regarding the proper signs to be used. 

Fot the soke of uniformity in this course, the following convention is to be 
used. 

The formula _ j. - „ _ 

will serve for any case with any lens if the following simple rules be remem- 

1. The focal length, F, is poiiUve when dealing with a eojwerging lens, and 
negatiee when dealing with a diverging kns. 

2. The distance, a, from object to lens is poMiuie if the ra^ of light diverge 
as they enter the lens, as they do from a real object; a is negatwe if the rays of 
light coiwerge as they enter the lens, as is sometimes the case when the light 
comes from another lens. The object in the last case is sometimes called 
virtual. 

3. If the distance, h, from imi4ce to lens comes out pontife, the image is 
real; if b is ntgative, the image is virtual. 

Exactly the same formula and rules apply to mirrors. 

Etepieceb 

Practically every optical instrument made for visual use has an eyepiece 

made up of two or more lensee. There are two common forma of ey^ieoes 
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known ae the UnjEeeaa' or negative eyepiece, &nd the Ramsden's or positive 
eyepiece. 

The Huygens' or negative eyepiece is shown in Fig. 39, and coosifits of a 
field lens F and on eye lens B, their focal lengths being in the ratio of 3 to 1, 
respectively. The two lenses are placM twice the focal length of the eye lens 




from each other. The field lens is here shown as a double convex lens and such 
may be used in the experiments on optical instruments, but a plano-convex 
lens with its plane side toward the eye lens is generally used. The iateraectioD 
of the dotted lines giving the position of the virtual image is not shown in the 
drawing. 

The advantages ot the n^&tive eyepiece lie in its great field of view, in the 
remarkably small amount of both spherical and chromatic aberration, and on 
the flatness of the field. 

The Ramsden'a or positive eyepiece is shown in fig. 40. The two lenses are 
of equal focal length, and are separated by a distance equal to 2/3 the focal 




length of either lens. The field lens is again shown as a double convex lens but 
more often a plano-convex lens is used with the convex side toward the eye 
lens. The final virtual image is too distant from the lenses to be conveniently 
shown on this drawing. 

The aberration is great in a positive eyepiece especially at the borders of the 
field, but the arrangement has the advantage of being more conveniently used 
with a micrometer, since the image and micrometer graduations, which it views 
directly, lie just outrnde the field lens, whereas in a negative eyepiece the 
image and micrometer graduations are between the lenses. 
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61. OPTICAL INSTRUMENTS 

Read Irtiroduction to Experiments 61, 62 and 63, the section on 
Eye-pieces, and the Note on the Use of the Lena Formula. 

Object. To study the formation of images by a simple lens, and 
the action of two fonna of telescopes. 

Apparatus. Optical bench, with supports; a large simple lens to 
serve as objective lens; a one-inch achromatic objective lens; a 
small simple positive lens for eyepiece ; a negative lens for the same 
purpose; electric light at some distance; spherometer and flat glass 
plate; screen with central hole to use with large lens; small green 
color screen. 

Method, (a) Find the focal length of each of the three positive, 
or convei^ing, lenses furnished for this experiment. To do this, 
mount the lens in one holder, and a clean white card in another. 
Turn the instrument toward a window, and obtain a sharp image 
of a distant object on the card. Measure the distance between the 
center of the lens and the card, which will be the desired focal 
length. In all cases set the lens perpendicular to the direction of 
the light. 

Measure the radii of curvature of the large lens by means of the 
spherometer. This instrument is to have its zero readir^ deter- 
mined by placii^ it on the flat glass plate, and setting all four feet 
in the same plane. Readings shoidd be made to fractions of the 
smallest division on the head of the instrument, and more than one 
setting is necessary. Make an impression of the four feet on a piece 
of paper, from which the distances apart may later be measured. 
Then place the instrument on the spherical surface to be measured, 
and find the elevation (A) of the central foot, when all four feet are 
in contact with the surface. 

Make a dif^ram representing a plane section of the lens, per- 
pendicular to the lens surface at the center, and passing through 
one outer foot and the central foot of the spherometer. From the 
geometry of the arrangement, work out the relation between the 
radius of curvature of the lens, the quantity h and the distance 
from the center to the outer feet. 

From the radii of curvature, work out the focal length of the 
lens, assuming an index of refraction of 1.55; compare this with the 
observed value. 
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(b) Make up a telescope, usb^the large Bimple lens as objective, 
and the small positive lens as eyepiece. Point this toward the 
electric lamp, and obtain as sharp an image as possible. Observe 
the character of this imf^ with the eyepiece at various distances. 
Place the screen with central hole over the large lens, and note the 
change in the character of the best obtainable image. Turn the 
objective about a vertical axis, and observe the changes in the 
imi^; set the objective at the angle giving the best image. Insert, 
next the eye, holding it there by hand, the small green color 
screen, and record the chaise it produces in the best obtainable 
image. 

(c) Replace the simple objective lens by the achromatic lens, 
and adjust this telescope to give a sharp image of the electric lamp 
(color screen removed). Measure the distance of the eyepiece from 
the image which is to be found between the two lenses, and from 
this distance and the focal lengths of the objective and the eye- 
piece, calculate the position of the final image, and the magnifying 
power of the telescope. 

(d) Keeping the achromatic objective, replace the positive eye- 
piece by the negative one. Focus this telescope {"opera glass ") on 
the electric lamp, and measure the distance apart of the centers of 
the two lenses. Comment on this type of telescope, as compared 
with that in (c). 

(e) With the same lenses as in (d),-8et up a white screen some 
distance beyond the eyepiece, and adjust the lenses to act as a 
magnifying "telephoto lens" combination. When a good large 
image of the electric lamp is sharply focussed on the screen, 
measure all the distances that you need, and calculate from these 
the focal length of the negative lens. C^culate the latter also from 
the data in (ji). 

62. DEFECTS OF LENSES 

Object. To study the common defects of lenses; chromatic and 
spherical aberration, and astigmatism. 

Apparatus. An "optical bench" consisting of a wooden base, 
with meter bar, and supports for a lens and an eyepiece, the first of 
theee movable, with a pointer; an electric light across the room; a 
wire gauze in a window; two diaphragms, and three litth color 
screens made to fit into holders on the eyepiece. 
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Method, (a) Spherical Aberration. The raya paBsing near the 
rim of any positive leas converge to a point on the axis of the lens 
which ia nearer to the lens than the focus of central rays. In order 
to compare different Lenses in this respect, it is usual to define the 
amount of the spherical aberration as the ratio of the difference of 
focal length for central and marginal raj^ to the usual focal length. 
This quantity is to be measured. 

Place in front of the lens the diaphragm which has a small central 
hole in it. The lens must be at right angles to the line of sight. 
Point the instrument toward the electric l^ht, and focus it, aa a 
telescope, so as to give as clear a view of the light as possible. Note 
the position on the meter bar of the marker on the lens holder, and 
repeat this setting several times, for accuracy. Then remove this 
diaphrf^^ and substitute the other one, which petmits marginal 
rays only to pass t'hrough. Repeat the adjustment of the lens 
support, as before. Find the change in focus in passing from one 
diaph^^^ to the other. Measure with a separate meter bar the dis- 
tance from the lens to the image which it forms of the lamp, catch- 
ing this on a card. This distance may be taken as the focal length 
with sufficient accuracy for the purposes of this experiment. Hence 
find the amouTU of the spherical aberration. Express this in per 
cent. 

Note which surface of the lens faces the light; they are not 
aUke. Then turn the lens around, so that the other side faces the 
l^t, and redetermine the amount of the spherical aberration. The 
fact that a different value results with lenses of cert^n shapes ia 
important in the problem of eliminating spherical aberration in 
lens systems, aa positive and negative lenses may be combined 
as pairs so that the aberrations are annulled through variations in 
shape, without at the same time destroyii^ all refracting power in 
the combination. 

(6) Chromatic Aberration. With the convex side of the lens 
facing the li^t, and the diaphragm with central hole in place, 
examine the changes of focal lei^h when each of the three (red, 
green and blue) color screens are used, in succession. Find, from 
these observations the amount (defined aa above) of the chromatic 
aberration for red to green and for red to blue. 

(c) Astigmatism. Keep the lens as in (6), with green screen in 
place. Sight on an object consisting of horizontal and vertical lines 
(such aa a piece of wire gauze in the window) . Set the pointer cA the 
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little circular scale on the lens holder at zero, and adjust the lens to 
be at right angles to the line of sight at the same time; then obtain 
a sharp image, aa seen throi^h the eyepiece. Both horizontal and 
vertical lines wiU appear sharp at the same time. Note by repeated 
trials the position of the lens holder on the meter bar. Then turn 
the lens around a vertical axis by 5°, and find the two positions at 
which horizontal and vertical lines (now separately) appear sharp. 
Repeat at 10", 15° and on both sid^; alBO further out, if there is 
tune. Find the ratio of the difference in focal length for horizontal 
and vertical lines to the focal length itself at each angle, averaging 
the observations taken at equal inclinations on the two sides. This 
may properly be called the amount of the astigmatism. 

Plot curves showing how the difference in focal length for the 
two sets of lines varies with the angle, and also plot the actual 
changes in focal length for each set of lines. 



63. THE COMPOUND MICROSCOPE 

Read Introduction to Experiments 61 , 62 aiid 6S. 

Object. The object of this experiment is to teach the con- 
struction and action of the optical system of a compound micro- 
scope when adjusted for visual use and for photographic use or 
projection. The equivalent focal lei^bs of the objective and eye- 
piece will be found, and the total magnification for the visual and 
photographic use of the instrument will be determined. 

Apparatus. The apparatus provided fen- this experiment are a 
compound microscope, a stage micrometer which is a piece of glass 
upon which are ruled fine lines 0.1 m.m. and 0.01 m.m, apart, a 
micrometer and positive eyepiece, a support carrying a ground- 
glass screen and shading hood, and a 6-volt tungsten light for 
illumination. 

The compound microscope consists essentially of two lens 
systems, namely: an objective, which is the lower combination of 
lenses, and the eyepiece, which is usually made up of two or more 
single lenses. These lens systems are mounted on a metal barrel 
which can be easily moved up or down by means of a slow motion 
screw for the purpose of focusing. A stage for supporting the object 
to be viewed, a mirror for concentrating light upon the object, and 
various adjusting devices constitute the rest of the instrument. 



120 PHYSICAL LABORATORY MANUAL 



Although the eyepiece and objective are made up 
of several lenses, the series of lenses composing each ia equivalent, 
so far as portion and size of image is concerned, to a single convex 
lens. The focal length of this simple or equivalent lens is the focal 
length of the combination of lenses in the eyepiece or objective to 
which it corresponds, and it is these equivaleni focal lengths which 
are useful in the use of the instrument, and are to be obtained in the 
following experiment. 

In the ordinary visual use of the compound microscope, the 
objective forms a magnified real image of the object just irmde 
of the principal focus of the eyepiece, so that the latter gives a 
still further magnified but virtual image at the distance of clear 
vision from the eye. 

When the miscroscope is used for photography or for projection, 
the second or final image must be real, and this is obt^ed by 
causing the image produced by the objective to fall a small distance 
auiaide of the principal focus of the eyepiece. 

In Figs. 41 and 42, the equivalrait lens systems of the microscope 
and the positions of the images are shown for both visual and 
photographic use of the instrument, respectively. 

If the Bize of the object be known, and the exact lengths of the 
two images be measured, and further, if the positions of the 
images with respect to the object be determined, then, by using the 
familiar lens formula, the equivalent focal lengths / and F can 
readily be calculated. 

Procedure. Place the stage micrometer on the stage of the 
microscope, and adjust the mirror of the instrument so that suffi- 
cient daylight is concentrated upon the object to make it plainly 
visible through the instrument. Adjust the small eyepiece up or 
down in the tube of the micrometer box until the cross-hairs are 
well in focus. Next focus the microscope for the stage micrometer 
by slowly turning first the large milled heads, which serve for 
coarse adjustment, and then finally the micrometer screw, which 
will be found at the top of the supporting post. This adjustment 
insures that the first image of the lines of the stage micrometer 
produced by the objective lens system is exactly in the plane of the 
cross-h^rs situated just below the eyepiece. 

Measure, by means of the micrometer, the distance between the 
inures of two lines separated by seven or eight spaces, which are 



the magnified 0.1 ni.in. spaces. This measurement Bhould be 
made several times, and the average size of the image of one space 
obtained. Note that on some instruments the pitch of the 



micrometer screw is 0.5 m.m., but the head of the screw is divided 
into 100 parts. Also measure the distance the eyepiece is drawn 
out of the tube of the micrometer box. 

Without disturbing the focus of the microscope, place the in- 
sbiunent under the conical cloth tube so that the small end of the 
cone hangs a centimeter or so below the eyepiece. Place the paste- 
board collar around the eyepiece so as to obstruct any stray light 
from below from Altering the hood. The ground-glass screen 
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should be fixed in the holder with the ground side up. Swing the 
mirror of the microscope to one side, and place the tungsten light 
under the microscope stage so that the light passes straight up the 
tube. 

No clear image will now be seen on the screen because the eye- 
piece is adjusted for visual use and therefore is set to give a virtual 
image. The eyepiece only is now to be moved until a sharp image 
of the stage micrometer and the cross-hairs appear upon the 
ground-glass screen. The width of one space as seen on the screen 
can now be determined by measuring the total width of a large 
number of spaces together and dividing by the number. This 
measurement should be made with a vernier gauge as accurately 
as possible. 

The exact distance from the upper side of the stage micrometer 
glass to the upper side of the ground-glass screen is now to be 
measured. The distance from the object to the plane of the cross- 
hairs is also to be measured; this plane lies 1.5 mm. below the flat 
top of the micrometer box. The new position of the eyepiece with 
respect to the tube should be recorded. 

These data are sufficient to calculate the equivalent focal lei^hs 
of the objective and eyepiece. 

Computation. Draw to 1/2 scale the equivalent lens system 
for the compound microscope when adjusted for photographic use, 
and indicate the position of the principal foci. Represent the 
object by an arrow about 1/16 inch long, .and fill in all images to 
scale, indicatii^ rays of light by the usual construction for obtain- 
ing an image. 

From the observed dbtance through which the eyepiece must be 
moved downward in order to focus for visual use, calculate the 
position of the virtual image for such use, and draw another 
diagram similar to the first, giving the result in graphical form. 

Results. The results required are as follows: 

X. The equivalent focal lengths <rf the eyepiece and objective. 

2. The two scale drawings as mentioned above, showing all 

images to scale. 

3. The total magnification when adjusted for visual and pho- 

tographic use. 

4. The size and position of the virtual imi^e when adjusted 

for visual use. 



64. THE DIRECT-VISION SPECTROSCOPE 

Litrodoctory Remaite. The study of spectra is of great interest 
because of their wide theoretical and practical application. In 
many lines of theoretical research, spectra are either the direct 
phenomena studied, or they are necessary as experimental means 
in the study of other phenomena. The practical uses of spectra 
include qualitative spectrum anal3'si8, and such special problems 
Bs the determination of the constitution of light coming from vari- 
ous artificial sources and the light transmitted through colored 
screens, in the attempt to combine artificial lights with color 
screens to imitate dayl^t, etc., etc. 

Spkctha 

Continuous spectra are given by incandescent solids and liquids and, in 
general, give no means of telling the identity or nature of the incandescent 
substance other than ita temperature. All gases and the vapors of the ele- 
ments, and even some gases which are chemical compounds, give characteiv 
istic spectra when caused to emit light. These spectra are usually composed 
of bright lines or bands, and the fact that each substance has its owii character- 
istic spectrum makes posuble qualitative spectrum analysis. 

When white light passes through a gas or vapor, those wave lengths of light 
ate absorbed which are emitted when the gas or vapor is caused to give its 
^)ectrum. This absorption of definite wave lengths from the continuous 
spectrum of white light gives dark line spectra known as absorptum spectra. 

All transparent hijuids and solids absorb certain portions of the spectrum, 
and it is this absorption which accounts for their color. 

If the salt of a metal be vaporized in a Bunsen flame, a characteristic spec- 
trum of the metal will in general be emitted. If the metal be made the 
terminals of an electric arc, a characteristic spectrum of the metal will be 
emitted, which spectrum may differ in some respects from the flame spectrum. 
Similuly, the spectrum emitted when the metal is made the terminals of an 
electric spark-gap, across which the discharge of a Leyden jar or condenser be 
made to pass, is characteristic of the metal, but is usually different from either 
the Same or arc spectrum. The mode of excitation must, therefore, always be 
stated. 

The spectrum of a gas is usually obtained by causing a current of electric- 
ity under h^ voltage to pass through a glass tube containing the gas at 
low pressure. 

Object The following experiment seeks to give some familiarity 
with the different types of spectra, and to give experience m the use 
of the direct-vision spectroacope, an instrument for the easy obser- 
vation and measurement of spectra. The arbitrary scale of the 
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Bpectroscope will be calibrated in terms of wave lengths, and the 
instrument will then be uBed to determine the wave lengths of the 
principal lines in the spectra of several elements. The spectra of 
the several elements thus determined will be mapped out to scale, 
and the wave lengths of their principal lines determiiied. 

Apparatus. The direct-vision spectroscope, shown in Fig. 43, 
is a convenient instrument for observing and comparing spectra, 
but it is not an instrument for accurate quantitative work. The 
instrument consists essentially of a series of prisms, alternately of 




flint and crown glass, so proportioned and placed that there is great 
dispersion of the light which passes through them with no net 
refraction of the middle of the spectrum. A slit at one end of the 
tube carrying the prisms can be adjusted in width by means of a 
milled nut. At the other end of the main tube in some instnunents 
there is a disk carrying a series of lenses of various focal lengths so 
arranged that they can be singly adjusted in line with the prisms. 
This arrangement is provided for focusing instead of the usual 
sliding eyepiece. A side tube contains a lens, mirror, and graduated 
scale so arranged that light entering the end of the side tube pro- 
jects the graduated scale so that it is superposed upon the spectrum 
which is being observed. By means of this scale, arbitrary readings 
can be taken of the lines in a spectrum, and, if the acale has once 
been calibrated in terms of wave lengths, the readings give a rough 
quantitative measure of the wave lei^ths of the lines being 
observed. 

In order to caUbrate the scale of the spectroscope, some spec- 
trum must be olraerved the wave lengths of the lines of which are 
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known. For this purpose the cadmium epark spectrum will be 
used. A transformer, which boosts the voltage of the lightii^ 
m&inB from 110 to several thousand, charges a set of L^den jars 
which, in turn, discharge across the metal spark gap. Great care 
should be exercised not to touch the electrical system while it is 
operating, as the shock mi^t be serious. 

Procedure. First focus very exactly the spectroscope for the 
scale by altering the eyepiece until a perfectly clear and sharply 
defined image of the scale is obtained. This adjustment may well 
be done with the slit closed. Now, by turning the milled head at 
the end of the instrument, make the slit very narrow. Point the 
instrument toward the sky, and focus for the sUt, if necessary, by 
pulling the tube in of out until the fine dark hnes or Fraunhofer 
lines are clearly seen and there is no parallax, or shift between cross- 
hairs and spectrum lines, when the eye is moved from side to side. 
The adjustments for focus outlined above should be done with 
great care. 

Observe accurately the scale readings for the brightest lines of 
the cadmium spectrum, and identify the observed lines with those 
shown on the chart of the cadmium spectrum. The wave lei^ths 
of the principal lines ^ven on the chart should be recorded. 

While observing the spark spectra, it is well to place a piece of 
glass between the spark and the observer in order to obstruct the 
ultra-violet light which m^t otherwise bum the skin and eyes. 
The room should be well ventilated to carry oS the metallic 
vapors. 

Examine and record the readii^ corresponding to the brightest 
lines of the spectra of some other metals such as zinc, magnesium, 
copper, etc. 

Results. Record the readings which mark the boundaries of the 
light and dark regions in the absorption spectra of two or three of 
the solutions provided. Note the effect of change in thickness 
of the solution of chlorophyll. Use a small tungsten lamp to ^ve 
the continuous spectrum. 

Plot a curve for which the scale readings for the cadmium 
spark are the abscissae, and the corresponding wave lengths of 
the cadmium lines, as given by the chart, are the ordinates. This 
is the calibration curve of the particular instrument used, and 
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may now be used to detenuiue the wave lei^h from the scale read- 
ing for any unknown spectral line. 

In the first or lower, horizontal, one-centimeter-wide space on 
the plotting paper, plot, as shown in Fig. 44, the principal lines of 
the cadmium spectrum. 

In the 2d, 3d, 4th, etc., one-centimeter-wide strips, map to 
scale all the other spectra observed. By following up from any 
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spectral line to the calibration curve, the wave length of each line 
can be read off. In this manner tabulat« the wave-lengths of the 
principal lines in the spectra which are observed. 



INTRODUCTION TO EXPERIMENTS 65 AND 66 

The two following experiments make use of the spectrometer, an 
instrument which, in some one of its various forms, is very com- 
monly used in physical measurements and investigation. The 
experiments on the spectrometer axe of value, first, in giving prac- 
tice in the use of an instrument capable of great accuracy, and 
second, because of the important physical principles and phe- 
nomena with which they deal. 

The following remarks are devoted to the explanation of the 
construction and use of the spectrometer. 

The Sfectkoubter 
The Hpectrometer, shown in Fig. 45, is an apparatiu for accurately measur- 
ing the angle between two beams of parallel light. The ingtrument is aom^ 
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times used to determine the index <rf refiactjoa of a traBsparent substance in 
the shape of a prism from the meoBuremeiits of ita angles and the angle of 
mi Ti itn '"" deviation of the light passing tlirough the priam. The spectrometer 
ia also commonly used in conjunction with a diffraction grating in determining 
the wave length of the light corresponding to different colors. The two follow- 
ing experiments illustiate the two uses of the speotrometer given above. 

Of the two telescopes belonging to a spectrometer, one, called the coUimaUrr, 
is for rendetii^ parallel the rays of hght; the other is the observing Uleaoope. 




The oollimator has an adjustable slit at its outra end, which, when properly 
adjusted, Is at the [ninciiwl focus of the corrected lens at the inner end of the 
tube. The telescope is provided with a positive eyepiece and some cross- 
hairs which are viewed by the eyepiece. The qMctrometer has a finely gradu- 
ated circle and verniers (see page 13) for either indicating the angle through 
which the telescope is turned, or the angle through wliich the spectrometer 
table ia rotated. The graduated circle, the moat dehcate and valuable part 
of the instrument, should be treated with special care. 

Adjustments. The following adjustments are necessary in focusing the 
instrument. Focus the croas-hfurs in the obaerving telescope until they can 
be distinctly seen without straining the eyes. Focus the telescope on some 
distant object, and adjust it until the object and croes-Iuurs can at the same 
time be distinctly seen, and until there is no parallax between them. Turn 
the oollimator and telescope until they point directly toward the center of the 
instrument, and clamp firmly. Point the collimator toward the mo'cury 
lamp, turn the observing telescope about the central axis until it is oppoute 
the collimator, and alter the length of the latter until the image of the slit, as 
seen in the observing telescope, is in sharp focus and without parallax with the 
croee-hajrs; that is, until there ia no shift between crosa-hairs and slit when 
the eye is moved across the opening in the eyepiece. 

The following further adjustments and precautions are necessary in the use 
of the spectrometer. Level the divided circle by means of a spirit level, and 
adjust the collimator and telescope so that they are level. If the latter adjust- 
ment is correct, the image of the sht irill fall in the center of the field as seen 
through the teleaoope when the telescope and collimator are exactly opposite 
each other- The slit of the coUimatw should be narrow and quite votical. 
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lliroi^out all work with the epectrometer, neither collimEitor nor telescope 
should be touched, and in turning the telescope its eolid lower support should 
be grasped ra^ther than the telescope iieeM, for otherwise the instrument might 
be thrown out of adjustment. 

65. ANGLES OF A PRISM AND INDEX OF 
REFRACTION BY THE SPECTROMETER 

Read IritrodwAion to ETperimenis 65 and 66. 

Object. The object of this expenment ia to give practice in the 
use of the spectrometer when applied (1) to the accurate measure- 
ment of the angle of a prism, and (2) to the detennination of the 
index of rrfraction of glass for the various colored lights given by 
the mercury vapor lamp. 

Apparatus. A spectrometer, a dense glass prism, and a mercury 
vapor lamp are provided for this experiment. 

Thb MEEcrmr Vapob Lamp 
The mercury vapor lamp is used as the source of liicht and consists of a long 
Klass tube into the ends of which platinum terminals are sealed. Two pools erf' 
mercury, contained in pockets at the ends of the tube, make connection with 
these terminals and serve as electrodes. The tube is highly exhausted. When 
the tube is tipped until a continuous stream of mercury connects the two tw- 
minals, the circuit is completed and a current flows from the direct current 
lighting mains through a resistance and the lamp. When this thread of mer- 
cury breaks, an arc is formed which then spreads throughout the tube, giving 
the familiar greenish blue light. The mercury in the cups should never be 
allowed to boil away enough t« Eq>pt«ciablj' lower the level in the cups. 

Discus^on and Procedure for (1) the Measurement of the 
Asgle of a Prism. Focus and adjust the spectrometer as directed 
in the introductory remarks. Adjust the prism so that its edge is 
vertical as follows: Before placing the prism on the central stand, 
view the image of the slit when the telescope ia opposite the col- 
limator, and note its position vertically with reference to the top 
and bottom of the field of view, or with reference to the horizontal 
cross-hair. Place the prism on the stand with the edge formed by 
the two polished surfaces turned toward the collimator, and turn 
the observing telescope until the image of the slit can be seen by 
reflection from one face of the prism. Level the prism until the 
image of the slit occupies the same part of the field of view as whrai 
seen directly. R^ieat, when viewing the alit reflected from the 
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other face, and then, turning the teleacope back, see that the 
result of the first leveling has not been disturbed. 
There, are two methoda of detennining the angle of a priflm. 
Measure the angle of the prism by one of these methods, prefer- 
ably the second. If time permits after the second part of the ex- 
periment, the same angles should be measured by the other method. 

First Method for Measuring ttie Ao^e at a Prism. Place the 
prism at the center of the spectrometer with the edge formed by 
the two polished faces turned toward the collimator as shown on 





Fig. 46. Clamp the collimator and the prism table but leave the 
telescope free. Set the crose-hairs of the observing telescope upon 
the image of the slit reflected from one face of the prism, and read 
the graduated circle. The fine adjustment afforded by the tangent 
screw may be used for the final setting. Turn the telescope until 
the cross-hairs are set upon the image of the slit reflected from the 
other face. Measure the angle through which the telescope has 
been turned. It will be readily seen, by referring to Fig. 46, that 
this angle is twice that of the prism. Care must be taken not to 
confuse the reflected light with the refracted light which has 
passed around through the glass. 

Second Method for Measuring the Angle of a Prism. Clamp 

the obaerving telescope permanently near the collimating tele- , 
scope as shown in Fig. 47. Place the prism upon the leveling base 
so that the image of the slit will be thrown into the observing tele- 
scope. Without distiubing either telescope, turn the prism by 
means of the tangent screw until the image coincides with the 
vertical cross-hair. Clamp the prism table, but leave the collima- 
tor clamping-screw loose. Take the readii^ on the graduated 
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circle. Turn the prism until the image of the slit is reflected from 
the next face. The circle will turn with it, but the verniers remain 
fixed. Adjust accurately by the tangent screw, and aga:in read. 
The angle through which the prism has been moved, subtracted 
from 180°, will be the angle A of the prism. 

Discussion and Procedure for (^) Measuring the Index of 
Refraction. When a. ray of light passes from a rare to a denser 
medium it is bent toward the perpendicular to the surface. For 
the same substances and the same colored light, the sine of the 
ai^le of incidence divided by the sine of the angle of refraction is a 





constant. It is called the index of refraction, and is usually denoted 
by the letter n. The index of refraction of light passing from air to 
glass may be most conveniently determined, when the glass is in 
the foim of a prism, as follows: 

Having completed the adjustments outlined above, turn the 
prism into the position indicated in Fig. 48. Set the observing 
telescope upon the green refracted image. Kotate the priam, 
followii^ the refracted ray with the observing telescope. A posi- 
tion can be foimd for which the light is leaat refracted or least 
deviated from the direction of the collimator. Clamp the support 
of the prism. Set the cross-hairs on the green image of the slit, 
and read the position of the telescope. Remove the prism and set 
the telescope upon the image of the slit seen directly. The angle 
through which the telescope has been turned is the angle of devia- 
tion of the light, in this case the angle of minimum deviation D. 

In the position of minimum deviation, the light passes through 
the prism in a direction such that it makes equal ai^es with the 
surface of the glass in entering and in leaving. 

i = ii and r = n See Fig. 49. 
Consider the small triangle formed by the three paths of the ray 
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extended. From the property of the exterior angle of a triangle 

O - (.■ - r) + (i, - rO - 2.- - 2r. 
From the property of similar triangles, each half of .<1 is equal to r. 
A = 2f or T = -^ I 

and substituting . D = 2i — A, 

. D + A 



A 
sm J- 

Determine, by the method outlined above, the index of refraction 
of the prism for each of the five bright lines of the mercmy arc 
Bjjectrum. The five brightest mercury lines comprise two orange- 
yellow lines close together, a bright green line, a blue-violet line, 
and a deep violet line. There are other less distinct lines in the 
mercury spectrum, the index of refraction of which may be meas- 
ured if time permits. 

Results. The results to be derived are as follows : 

1. Angle of prism by 1st method or by 2d method. 

2. Index of refraction for the bright lines in the mercury 

spectrum. 

66. WAVE LENGTH OF LIGHT BY MEANS OF THE 

DIFFRACTION GRATING AND SPECTROMETER 
Read Introd%u±ion to Experiments 66 and 68. 

Object. The purpose of this experiment is to give experience ■ 
in the use of the spectrometer, and to illustrate the common 
method of measuring the wave lei^h of light. The diffraction 
grating will be used to determine the wave length of four of the 
five bright visible linea of the mercury arc spectrum. In the case 
of the fifth or green line, the problem will be reversed, and the 
number of rulii^ per centimeter on the grating will be determined 
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from the known wave length of the green line. This work with the 
green line will be done first, and the number of rulings thus obtained 
is to be used in the calculation of the wave lengths of the other four 
lines as stated above. 

Api>aratiis. A spectrometer and a good grade of diffraction 
grating will be used in conjunction with a mercury vapor lamp as 
the source of light. 

The surface of the diffraction grating should under no condition 
be touched, as the fine rulings are very delicate and would be 
injured. , 

Discussion. The best method of measuring the wave length 
of light is by means of the diffraction grating mounted on a spec- 
trometer. The method was devised by Fraunhofer, who at first 



used a grating made of parallel wires. Crude as the device was, 
his determinations of the wave length of sodiiun light were sur- 
prisingly accurate. The modem diffraction grating is made by 
diamond rulii^ on glass or speculum metal. 

The arrai^ement of the apparatus for a transmission grating on 
glass is shown in Fig. 50. The series of dots between the col- 
limator and the observii^ telescope indicates the grating seen in 
cross section. The grating is placed on the central stand, with its 
plane at r^ht aisles to the axis of the collimator and with its 
rulings vertical. A series of spectra are thus produced, lying both 
to the right and to the left of the direct image of the slit. The 
explanation of the formation of these spectra is as follows: 

The light passing through the narrow space between the rulings 
spreads laterally, but is of feeble intensity except in such directions 
that the light coming from all the openings are in phase with each 
other, and therefore additive in their total effect. Thus, in Fig. 61, 
which shows diffraction grating very much enlarged, if the angle 
with the original direction of the light is such that the path of each 
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ray is longer thui the one next to it by exactly one wave length, 
the light coming from the several openings will be in the same phase. 
In this direction the l^t will be intense and comparable with, 
though not equal in intensity to, the light seen directly through the 
grating. The same would be true with a difference of path of two, 
Uiree, or any whole number of wave lengths. 

Since the direction of marimiun intensity depends upon the 
wave length, the light from the slit passing through the grating 
will be spread out into spectra. The first order spectrum is the 




B[>ectrum nearest the direct image of the slit on each side, and is 
due to a difference in path for the succesave slits of a single wave 
length. The second and third order spectra are located farther 
from the central image and are less distinct. They are due to 
successive path difference of two and three wave lengths, respec- 
tively, and show con'espondii^;ly greater dispersion. It may 
happen that the violet end of a higher order spectrum may be 
superposed upon a spectrum of a lower order. 
Referring to Fig. 51 it will be seen that for the first order spectra 
\ = d^ne 
aine 
N ' 
where X is the wave length of light for the particular line measured, 
d is the distance between rulings on the grating, N is the number of 
rulings per centimeter, and is the angle of diffraction. 
For the second order spectra the formula becomes 
-, d „ *inff 
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Procedure. Focus and adjust the Bpectrometer as directed in 
the section on the Spectrometer. 

Place the grating in the holder with its plane perpendicular to the 
ajoa of the collimator, and ita lines exactly parallel to the slit. 
Measure the angle of difTraction in the spectra of as many orders as 
poasible for at least three of the bright lines in the mercury spec- 
trum. The measurements for the green line should be made first, 
and with special care, since an error in these measurements will 
decrease the accuracy of the remaining work. It would be well to 
make several independent settings for each case. Do more spec- 
trum lines if there is time. 

Record the number of rulings if it is given on the grating. 

Resui/fs. From the data for the green line, preferably in the 
second order, and its wave length, which is .00005461 cms., calcu- 
late the nimiber of ruhi^ N per centimeter of the grating. This 
value of N given on the grating is in some cases incorrect and will 
not, therefore, necessarily agree with the value obtained by ex- 
periment. 

Usmg the calculated value of N, determine the wave lengths of 
the other four lines of the mercury spectrum, ^ving the results 
separately for each order. 

67. ROTATION OF THE PLANE OF 
POLARIZATION OF LIGHT 

latioductory Remarks. One of the most satisfactory methods 
of producing plane polarized light is by means of the Nicol prism. 
The Nicol prism is made of a rhomb of Iceland spar, cut in two at 
a suitable angle, and recemented with Canada balsam. This 
method of producii^ polarized light will be used in the following 
experiment. 

Many substances, notably quartz, solutions of the sugars and 
the essential oils, have the peculiar property of rotating the plane 
of polarization of light. In some cases this rotation is to the left 
as the light comes toward the observer, and in other cases toward 
the right. In every case, however, the specific rotation, which is 
the angular rotation under standard conditions of distance tra- 
versed in the substance by the light, of concentration of solution, 
and of temperature and wave length. Is a perfectly definite quan- 
tity for each substance. 
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Th« most important commercial application of this fact iB in the 
analysis of various commercial products in order to find the 
amount of optically active constituent present. The analysis of 
the sugars and the products made of st^ar are the most extensive 
analyses of this kind. The government regularly test in this way 
the importations of raw sizars in order to ascert^ the duty which 
shall be imposed. 

Object. The foUowii^ experiment is chiefly concerned with the 
study of polarized light, and the effect of some substances in rotat- 
ing the plane of polarization, but, in order to enforce the com~ 




mercial application of the purely physical principle, some raw and 
refined cane sugars will be analysed in just the same way as is done 
at the custom house. The proce^ is called saccharimetry. 

Apparatus. The more elaborate apparatus for testing the 
amount of rotation of polarization is usually called a p<^riscope, or, 
if applied solely to the analysis of sugar, a saccharimekr. The 
simple arrangement used in this experiment consists of two Nicol 
prisms mounted at the ends of a brasscradle as shown in Fig. 62. 
One Nicoi is fixed and is called the -polaTizer. The other Nicol 
is capable of rotation through aisles indicated on an attached 
scale, and is called the analyser. The cradle between the Nicols 
is arranged to receive glass tubes about 8 inches long containing 
the solutions to be tested, the direction of sight being through the 
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tube lengthwise. Such an arrang^nent comprises a very simple 
polariscope. 

In addition to the simple polariscope and solution tubes, glass 
flasks, funnels and some filter papers are provided to be used in 
mixing the solution. 

Discussion. The angular rotation produced by the optically 
active substance or solution is directly proportional to the length 
of light path through th@ solution, almost directly proportional to 
the concentration of the solution, and somewhat dependent upon 
the temperature and the wave length of the light used. The 
specific rotation is defined as the angle of rotation, expressed in angvlar 
degrees, which plane polarized light, corresponding in wave length to 
that of the yellow sodium line or D line of the solar spectrum, under- 
goes in passing through a decimeter column of a solution of the 
optically active substance at a temperature of 20° C, having a concen- 
traiion of one gram in one aAic centimeter of soltUion. The follow- 
ing formula expresses the facts given above: 



20°C., C'*)^^. is the specific rotation as defined above, I is the 
length of column in decimeters, and w/v the concentration, 1. e., 
the number of grams of substance w in c cubic centimeters of 
solution. If the experiment is not conducted at 20°C. but at fC, 
then 

A^ = A^.- .Oil (i-20)-. 

In the case of sucrose, which is the optically active substance in 
cane sugar, the specific rotation for the D line or sodium light, and 
at 20°C., ia 

(a)°. = 66.7° . 

This expression neglects a small correction dependent upon the 
concentration of the solution. 

Combining these formulae, the expression for the angle of rota- 
tion for sodium l^ht of a 100% solution of sucrose of concentration 
w/v at t°C. contained in a tube of inside length I decimeters is 

Af = [66.7 - .011 (( - 20)] ^ - 



Comparing thia with the actual measured angle of rotation, the 
reault is the percentage purity of the substance being tested. 

Procedure. Weigh out 30 grams of white granulated sugar, and 
put in one of the graduated 100 c.c. flasks. Fill up exactly to the 
mark with water, and dissolve all of the sugar. Filter the solution 
and M one of the toting tubes. Using sodium light, determine 
the angle for total extinction of the tight when the sugar tube is not 
in place. Make at least ten determinations of this reading. Place 
the sugar tube between the Nicols, and determine the reading for 
total extinction, making ten readings as before. 

In the same way weigh out 15 grams of the raw brown sugar and 
dissolve in about 50 or 60 c.c. of water in a graduated 100 e.c. 
flask. Do not yet fill the flask to the mark. The solution must 
be clarified before it can be used In the polariscope. To do this, 
add about two cubic centimeters of the subacetate of lead solution, 
which will precipitate the albuminoids and impurities. In order 
to neutralize the possible excess of lead which would cause a cloudi- 
ness to appear after filtering, and to assist clarification, add, after 
shaking well, one or two cubic centimeters of the alumina mixture, 
which is aluminum hydrate held in suspension in ammonium sul- 
phate. Now fill the flask up to the mark with water, and filter. 
Throw away the first few drops which come through the filter 
because they will be cloudy. Test the sugar in the same way 
described above. 

Results. Calculate from the data the percentage purity of each 
grade of sugar. 
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1. Weight in Grama of One Gvinc Ceniimeter (^ Dry Air at Different 
Temperatures and Barometric Pressures 

Nom. Two dphen an to ba [««Gi«d to all the numbcn Id the body of ths table. 



Temp*,- 




(C^) 


70 om. 


71™. 


73™. 


73™. 


71 ™. 


7Som. 


79 em. 


77 om. 


10° 


.001149 


1165 


1181 


1198 


1214 


1231 


1247 


1263 


11° 


1145 


1161 


1177 


1194 


1210 


1226 


1243 


1259 


12" 


1141 


1157 


1173 


1189 


1206 


1222 


1238 


1255 


la" 


1137 


1163 


1169 


1186 


1202 


1218 


1234 


1260 


14° 


1133 


1149 


1165 


1181 


1197 


1214 


1230 


1246 


15° 


1129 


1146 


1161 


1177 


1193 


1209 


1225 


1242 


16° 


1126 


1141 


1157 


1173 


1189 


1205 


1221 


1237 


17° 


1121 


1137 


1153 


1169 


1186 


1201 


1217 


1233 


18° 


1117 


1133 


1149 


1165 


1181 


1197 


1213 


1229 


19° 


1113 


1129 


1145 


1161 


1177 


1193 


1209 


1224 


20° 


1110 


112S 


1141 


1157 


1173 


1189 


i:»>4 


1220 


21° 


1106 


1121 


1137 


1153 


1169 


1185 


1200 


1216 


22° 


1102 


1117 


1133 


1149 


1165 


1181 


1196 


1212 


23° 


1098 


1114 


1130 


1146 


1161 


1177 


1192 


1208 


24° 


1094 


1110 


1126 


1141 


1167 


1173 


1188 


1204 


25° 


1091 


1107 


1122 


1138 


1153 


1169 


1184 


1200 


26° 


10S8 


1103 


1118 


1134 


1149 


1166 


1180 


1196 


27° 


1084 


1090 


1114 


1130 


1145 


1161 


1176 


1192 


28° 


1080 


1095 


1110 


1126 


1142 


1157 


1172 


1188 


29° 


1077 


1091 


1107 


1122 


1138 


1153 


1169 


1184 



ad to the top of the ourratuie of the 
meroury. and this ia auffioieatlr accurate for the puiposee of the preeent oouiw, bat it is ireU 
tfl bear io mind that whes Kteater BAoutacy is to be cd>tidnod oomcUona miut be applied lor the 
depreadOQ of eatrtllarity, for the temperature of tlw mercury and of the meaouring scale, and for 
the Coroe of the earth^s attraotion at the parUcular locality In which the expenment ie bdoc 



S. Space in Cubic CetOimelers Occupied by One Gram of Water at 
D^ererU TemperaiuTes 



0- 


1.00012 


10' 


1.00026 


20' 


1.001 73 


1° 


1.00007 


11" 


1.00035 


21° 


1.001 94 


2- 


1.00003 


12° 


1.00046 


22' 


1.00216 


3° 


1.00001 


13" 


1.00057 


23' 


1.00238 


4' 


1.00000 


14° 


1.00070 


24" 


1.00262 


5' 


1.00001 


15° 


1.00085 


25" 


1.00287 


6° 


1.00003 


18" 


1,00100 


26" 


1.00313 


7' 


1.00007 


17" 


1.001 16 


27° 


1.00339 


8' 


1.O0OI2 


18° 


1.00134 


28° 


1.00367 


9" 


1.O0O18 


19' 


1.00153 


29' 


1.00395 



S. Vapor Tension of a 10% SohiH(m qf Sidphuric Add and Water 



Tempe«W» 


ViporTeiuionincm. 


Tempeniture 


^■^■■^ 


inom. 


15° 


1.15 


20° 


1.58 




16' 


1.23 


21" 


1.67 




17' 


1.31 


22" 


1.77 




18° 


1.39 


23' 


1.88 




19° 


1.4S 


24° 


1.99 





